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Abstract—Best practice for the development and testing of
ocean energy converters generally follows a scaled approach. An
important stage in this protocol is laboratory scale testing of
power take off equipment, control, and grid integration. This
requires test and control equipment operating at power levels
corresponding to scales around 1:3-1:4 in order to match with
typical scales for initial power take off testing at sea. This paper
describes the design, development, and operation of such a
system. Detailed information on the hardware components and
supervisory control algorithm is presented. Flexibility,
programmability, safety and robustness are particular
requirements, and the design philosophy to achieve such is
detailed.

Keywords— Ocean energy, test rig, scaled testing, power take
off, electrical power system

I. INTRODUCTION

« transient thermal performance

« controller robustness

* supervisory control reliability

» component lifetime impacts
Most of these aspects are critical to successfug-term,
reliable operation of an offshore system, and megaitual
experimental testing.

A complementary tool to simulation and actual ofigh
testing is in-house or laboratory physical testingising a
scaled experimental test rig, that incorporates ilaim
equipment to that being used in the offshore sysfigms has
the advantage of being significantly less costintioffshore
testing, and of being a controlled environment aiseline
testing of the equipment or control system beirilgsatl in the
offshore environment. Moreover, the on-shore egeipntan
be tested in combination with offshore data, bugrow wider

The development of ocean energy technology is 8%aqange of conditions, and thus yield a fuller pietwf the

approaching the point where a significant numbdubfscale
prototype deployments will occur. It is envisagedttby 2015
there will be several grid connected pre-commergiddt

system characteristics. This approach is illustrate=igure 1.

Simulation +
Model Data

plants and small arrays in operation, apart froos¢halready
in existence. This can be seen as an indicator thet
fundamentals of device hydrodynamic designs and epow
take-off (PTO) operation principles are convergingsome
level of maturity, albeit there is still a relatiyevide range of
device types being considered.

Given these facts, and the imminent requiremengrid
connect offshore devices and arrays, research and
development focus has been sharpening on the ¢aantih
performance of the electrical components in the gyotrain,
including generators , power converters , and gridrface
equipment. Assessing design performance for these
components under the operating conditions expegit an
ocean energy system is an expensive and difficaltgss, and
to some extent can only be evaluated in real seditons.
Simulations using software packages such as Sikulin
SimPowerSystems or DigSilent PowerFactory will fesu
outline specification and performance data, howes@me
aspects of the electrical system are inherentlsadtable or
complex to model. These include:

« effects of parasitic inductances and capacitances
» harmonics and electromagnetic interference
« thermal and electromechanical stresses

Lab Physical
Scaled

Offshore Scaled

Offshore
Prototype

Figure 1 Processflow for electrical equipment testing

A recent research initiative has been undertakethat
Hydraulics and Maritime Research Centre (HMRC) iorlC
Ireland in which such an experimental test rig wasigned
and constructed. The test rig is capable of reicrgatithin a
laboratory setting the dynamic response exhibitgé Iprime



mover onto a motor — generator set and simultarigousan be a challenge in PLC systems which are noymall

measuring the exported power level and power tyualihe
prime mover can simulate from real or modelled tipegies
data any varying source such as a wind turbineydxallic
motor or a wave energy air turbine. As HMRC is datkd
foremost to ocean energy research, the primaryicgtign
around which the test rig has been designed is\e waergy
converter. The test rig is an extremely flexibleltm that it
enables the optimization of a wide range of enea@yverter
systems under various conditions. It is also a wmsful tool
in that the functionality of the wave energy corgemunder
study can be almost entirely predicted at neatliegéls from
wave to wire before any lengthy and expensive ta-séa
trials are to be performed.

Il. DESIGNREQUIREMENTS

The design of such a highly configurable, grid aextad,
experimental rig presents a series of unique degigiienges.
Safety and industry-quality robustness must be ¢oacbwith
flexibility, adaptability to different user requirents, future-
proofing, and programmability. Such a system igliikio be

used both as a research tool by postgraduate s$tuded as a

test bench for commercial operators on a consujtdmasis,
and the differing requirements and capabilitiesboth must
be borne in mind.

The core design requirements are thus safety, feaed
configurability, control programme flexibility andhigh
quality, high speed data acquisition capability.

The test rig was built to industrial safety and iges

standards by compliance with the list of standatdswn in

Table 1. The use of an industrial Programmable ¢o

Controller (PLC) system in combination with robbstrdware
and software interlocks and a comprehensive ergritoring
strategy further enhanced the ruggedness and g&i@tmn
envelope of the system.

ltem Applicable standard

Electrical ET 101[1]

installation

Electrical CENELEC & CE Mark (where applicable

equipment

Electromagnetiq EN 60801

compatibility

Electrical Minimum IP 2x generally and IP 4x on tg

protection surfaces. Custom Perspex covers all h
the Touch Hazard symbol

Table 1 Electrical safety standards

The flexibility of the system was designed a priwriough
a multi-contactor arrangement that allows for a beamof

tailored to slower process control applications.wdeer, a
recent product addition by Mitsubishi of a uniqughhspeed
data logger card, has made it possible to combinthis
system the features of industrial robustness agti bpeed
data acquisition.

I1l. SYSTEM DESCRIPTION

The physical power take off rig consists of a flpeh a 4
position gear box, two 22 kW electrical machines] a 500
Nm torque transducer. The associated control sysieludes
a Mitsubishi Q-Series PLC, three Leroy-Somer 22 kigtor
drives, 12 three-phase contactors, a soft staitecurrent
transducers, 13 voltage transducers, 2 power tumess and a
PC with a software human-machine interface (HM8pdpical
control program. Also included in the overall gystare
several inductors and capacitors that can be useanulate
the impedance of a grid connection consisting othbo
overhead and underground (or underwater) powes.line

Figure 2 Test Rig and Control Room

A. Power System Equipment

The power system of the main body of the rig inekithe
two electrical machines, the three motor drives| #re grid
emulator.

Of the two machines one is used to simulate theneri
mover of an ocean energy device and the othereid as the
system generator. The prime mover is a Leroy-SdiséV

P180 LU, which is a 22kW, 3-phase, 4-pole, squirtabe
AYfduction motor, configured in wye, with a line4divoltage of

400V, a maximum line current of 40.3A, and a rateque of
144 Nm. The generator is a Leroy-Somer FLSB 225M4,
which is a 22kW, 3-phase, 4-pole induction generatath
the stator configured in wye, a line-line voltage460V, and
a maximum current of 47.5A. The generator is nearl

different generator, power converter and grid etoula jdentical electrically to the ‘prime mover’; the aptions are

configurations, which are described in more detnilthe
following sections. These configurations can beecteld by
means of a user-friendly graphical PC interfacegmm.
Furthermore, multiple time series input formatsmer mover
models and control algorithms can be loaded intoRhC via
the same user interface. Generally, high speea ldgging

that the rotor is equipped with slip rings and thhe
maximum line current is higher due to the largerthal mass
of the machine. Access to the rotor windings allotlie
generator to be wired as a squirrel cage inductionply fed
induction, variable rotor resistance induction,@dynous, or
self excited induction generator depending on pseference.



The generator setting can be chosen via the HMI iandB. Data Acquisition and Control Equipment

controlled via the multiple configurations of cocitars within The main control system for the rig resides witftire
the electrical system. When the generator is caedatirectly \jitsubishi Q-Series PLC, which includes a Q04CPhieé
to the grid, a soft-starter is used to slowly brihg generator analog input cards, one analog output card, twitadigiput
up to synchronous speed while protecting the ginfany znd two digital output cards, two RTD input cards,

initial inrush currents associated with magnetwatiand
starting torques.

The three drives used in the system are all L&oyer
Unidrive SP 33: one to control the ‘prime movemdatwo
connected in a ‘back-to-back’ configuration to eohtthe
generator, to convert the power from the generfitom the
control frequency needed to maintain the generspeed to
the 50 Hz frequency synchronised with the grid.
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Figure 3 Power Flow Single Line Diagram

The grid emulator serves to re-create grid-likeditions at
various connection points between the device amd AR
network. The impedance networks within the lineuktor

PROFIBUS card, and a high speed data logger cémel flow

of data between the different devices within thetamy is
illustrated in Figure 5. The analog input cards ased to
collect all the data from the multiple transducivat are used
to monitor the system. The analog output cardseduas a
backup communication path from the PLC to the ththéees

in the system. However, most of the communicatietween
the drives and the PLC is performed via the PROBBU
network.

The PROFIBUS network is used because it is reljable
robust, and allows for many more signals from ttieedto be
read/controlled by the PLC than would be feasildmgi only
digital and analog communications between the drared the
PLC. The digital input and output cards are usedtip for
control of the multiple contactors in the systerat bre also
used for control of a few display lights and signtl the drive
including the “secure disable” signal in each drive

The RTD cards are used to measure the temperatuhe i
windings for each phase of both electrical machiieesasic
system protection purposes as well as monitoring th
temperature profiles in the machines due to thestandard
power profiles seen in ocean energy devices.

The high speed data logger card monitors and rscaiid
required signals at the same rate as the PLC cgae time.
This includes any sensor inputs, digital signals)d a
PROFIBUS signals, as well as inputs from the HMdl amy
other signals or program variables that the PLQymmmer
chooses to make available. This allows for dedaitkata
analysis after the completion of any test. Thedagger can
be easily reconfigured depending on the needsgifen test.
The data logger card has a specific advantage ah ithis

were sized to simulate a cable distance of apprateéiy 15 connected to the PLC system bus, and does not c@nany
km of subsea cables and 10 km of overhead lines s€tup is communications bandwidth within the system. Infotiowa
analogous to an offshore generator situated appetely can be transmitted over the Ethernet to the PC Hilplay at
25km from a strong grid connection point with vaso a much slower rate, purely for display purposes.
connection points in between. Each impedance m&two
consists of inductor coils in series with each ghasd
capacitors in parallel with each phase. The impeeaalues
are selected by scaling real values from typicaleand line
specifications for a full scale prototype to thalscof the test
rig. The measurement system is composed of 5 murre
transducers and 11 voltage transducers locatedffatest
points along the impedance networks. The currens@s
have a nominal RMS current rating of 50 A and tbétage
sensors are rated at 500 V RMS. Of the transduoeeged
within the line emulator, three of the current dodr of the
voltage transducers output signals are monitoredstored by
the PLC. The other two current transducers anbt eigltage
transducers measure instantaneous values of voltange
current and can be used for harmonics and otheh h
frequency measurements. These are accessible andbeca
read by an external meter or monitoring device.

Subsea Cable Emulator

Overhead Line Emulator

To Grid To Generator

Figure 4 Single line diagram of the line emulator
indicating voltage and current measurement points

There are a total of 39 signals from the transdueerd
sensors within the system. Of these, 29 are celieend
monitored by the PLC, and 10 are available for mirdepth
analysis if necessary. The 29 signals to the Plduite the
felve RMS voltage transducers, three true-RMS. (iigh
bandwidth) voltage transducers, three RMS current
transducers, two true-RMS current transducers, actéve



power transducer, one reactive power transduces,tormue and can be seen in Figure 6.The total inertia ef distem,
transducer, and the six motor RTDs. The RMS voltagecluding the flywheel, is 1.25 kg’. The inertia of the
transducers are used to monitor the grid linesie-loltage flywheel itself is 8 kgm? and can be used along with the gear
across each phase, as well as the line-to-lineageliacross box to alter the total inertia of the system fatiteg purposes.
each phase on several nodes within the line entulatorder The gear box ratios are 1:1, 1.576:1, 3.173:1,abd neutral,
to monitor power losses and power quality overdghwilated and these ratios are based on drive train to flgihe. at 5:1
transmission lines. The three RMS current transducehe drive train will make 5 full rotations for eyer full
monitor the current in each of the three phasethénline rotation of the flywheel. The purpose of the flywhés to
emulator. The line emulator structure and transdu@ee simulate energy storage that may be found in a RIED
illustrated in Figure 4. device due to elements such as turbine inertia esigded
The three True-RMS voltage and two True-RMS currefiywheel storage.
transducers are used to monitor the power outpecily at
the generator. True-RMS transducers are used bedhe
voltage and current outputs of the generator are
guaranteed to be at a frequency of 50 Hz and Vgitl aontain Ba
high frequency switching noise, and the True-RM
transducers will give a more accurate reading ef\bltage
and current readings. The current transducers uneabe '
current in phases 1 and 2; the current in phasen3tteen be
calculated using vector sums, as shown below. i ¢ : Transducer __ Generator

Figure6 Drive Train

] =V(| L P+ |LE-]I
a1 =v(1h ] “le it 1) The motor drive, PLC, contactors, soft-starter arder

The torque transducer is used to measure the mofsices €l€ctrical components are contained in the 1600mide w
between the generator and the ‘prime mover. Tdreue motor _drlve panel. T'hese'are labelled in E|guré'l7e othgr
transducer is rated for a torque of up to 500 Nrd aan tvyo drives are contained in the Regenerative paewn in
measure torque in both directions. Figure 8.

In addition to these transducers that send datk tzathe
PLC, there are eight voltage and two current traocscs that
measure the instantaneous voltages and curremtg tie line
emulator at the same nodes as measured by the. r.
transducers. The difference with these sensordds they e sl
represent the instantaneous values of voltage aneért in §§ : Blocks
the lines rather then the RMS value. Becauseeh#iure of [ -
their signal, they are not compatible with the PLThey have
been added to the system to allow for more detailealysis
of the voltages and currents in terms of power itpualr
harmonics.

: H
PC M
1
1

Soft-starter .~ .

Transducers

Ve = L Ly
I S

bt | Transducers

PLC

a oz .

: Ethernet L
v Switch e
a . |

PROFIBUS
| |

‘Prime Mover’ Generator Grid Side
Drive Drive Drive

T T T

Contactors

Figure5 Control system communication diagram

C. Mechanical Build

The mechanical build of the drive train includese t
generator, torque transducer, motor, gear box, fgmdheel,

Figure 7 Motor drive panel



the state machine will either move to a differetdtes or
remain in the current state for another scan cydlee
movement through the state machine, in normal,r efree
operation is described in the following paragraph.

B. State machine - normal operation

Every time the PLC is powered up, the state machine
begins to run, always starting in its initial statdled “Boot”
and all variables in the system are reset to defealues.
After a predetermined period of time and if there @o errors,
the state machine moves to the next state; “Idie"ldle” the
motor- , generator- and grid-side drives are akteAlso, in
“Idle” state, HMI instructions are read to determitthe
required generator configuration, the configuratioh the
transmission line emulator, the control mode ohedrive, the
spin up speed/torque and associated ramp ratessydtem
waits in “Idle” until the “start” instruction fronthe HMI user
triggers advancing to the next state: “Spin up”isThtate
ensures safe sequencing when opening and closngpotiver-
on and system configuration contactors and whisbéng the
three drives. This complex state comprises manyrsutines,
one of which is used for a given generator confiion and
control strategy. An internal PLC signal indicathat all the
spin up conditions have been reached and the stathine
moves to the next state called “Spinning”.

Figure 8 Regener ative Drive Panel

[ Beat | Legend

'

Z CondiionT

IV. SYSTEM OPERATION

As described in Section I, robust, reliable systamtrol in
industrial applications is often achieved using@gpammable
logic controller (PLC), with user interaction caolted via a
human machine interface (HMI). This section ddmsithe
operation of the PLC controller and the HMI.

In this application, as the PLC continuously scdins
downloaded code it repeatedly performs the follgnfour
steps. Firstly, all the input signals from the agahnd digital
input cards are read, scaled and, where needtateél This
is followed by a safety check during which all &yst
variables that have a bearing on system healttexaenined
and checked. The majority of the autonomous imfetfice of
the PLC code is implemented in the subsequent giepstate
machine, which is described below in more detaihaly,
output signals are scaled and written to the anafaydigital
output cards of the PLC.

= _ EmFree o=

T
¥

. i::r:_cll:lur!: o

X

<zl standsag >

i—;!r:-i:-ﬂ.rq I,:q;—a;l aEl

A. State machines — an introduction

Pioneered in the 1960s by Moore[2] and Mealy [Bf t e
state machine is a standard design approach in fieldg of 5 1
computer science and engineering used to defineoeegs, Seinrioaluge- < Emergency o
programme or system[4],. A state machine is always | :
exactly one of a number of possible states ancether well-
defined conditional transitions between these stafehis
application uses a Moore type state machine camgist nine
distinct states. The state machine is presentédjiure 9.

Once, in every scan cycle of the PLC, the statehmac
code is executed and the next state of the stathineis
determined. Based on the combinational logic ohboternal
PLC generated status variables and instructioma fre HMI

Figure 9 State machine - state diagram



In the previous state, “Spin Up”, the PLC took fadintrol
until both the configuration of physical system d@hd drives
was safely completed and rotational speed hadeded the
predetermined reference speed. While in “Spin Ugiy
changes to speed and/or torque reference settings im the
HMI are ignored. In contrast, once the state mach@aches
the “Spinning” state, the user can change any efdhowing
input selections, and/or the parameters associethdhem:

(i) Constant reference input

(ii) Sinusoidal reference input

(iii) File data reference input

(iv) File data reference input scaled by a ramakt
measured variable (e.g. power data file divided

all drives, all contactors and purges all resultsttain events
can trigger alarms which cause the system to prassdf by
powering down. These events are discussed in gréetail in
a following section (section E) below. Some of thevents
require that the system shut down as quickly asiplesand
that all sources of power are disconnected fromstysem;
this state is “Emergency Shut Down”. Following an
emergency triggered shut down, the system waitsh®muser
to confirm that the system is visually at standsfithis
confirmation permits the state machine to moveh® next
state “Acknowledge Alarms”. In this state, the usmm
identify and acknowledge the alarm and the systetorms to
bigle’ if the error source has been removed orifiect The

real-time radian speed to give real-time torqueate labelled ‘Manual’ is password protected aiveégvery

reference data)
(v) Control Law algorithm
By restricting the user to only editing refereneeels or
control law parameters during the “Spinning” statest
flexibility and adaptability is preserved withowcsificing the
safety offered by a spin up state, solely contblbg internal

flexible access to many system variables. It n&dulsy the
average user but rather is intended for use byxaereuser
during commissioning.

Table 2 summarises the nine states of the statédineac
described above.

PLC values. The user is not permitted to alteregittontrolled

machine parameter (i.e. speed or torque) or gere

configuration during “Spinning” but rather must uet to
“Idle” make the desired alterations and move aghmough
state “Spin up” to “Spinning”.

State Description
reBoot Initial start up state. All variables are iese
Idle System is at standstill and awaiting both

system configuration information and the
‘start-test’ instruction from the HMI

Once the user indicates that the test is completter a
predetermined time period, the state machine mowethe
next state, “Spin Down”. Similar to “Spin Up”, “SpDown”
comprises several sub-routines; the PLC selectscoineect

Spin Up Fully controlled sequence which safely gsin
the system from standstill to a desired spinfup
speed. Sequence will vary depending |on
control strategy and generator configuration.

“spin down” sub-routine based on the control styatand the
generator configuration. The HMI displays the cnotretate
and the ten previous states. This display for nboparation

Spinning The system is spinning and will respond to
changes made by the user to reference
signals.

of the state machine is show in Figure 10, wheeedlilest
state is at the bottom.

Spin Down Fully controlled sequence to spin dowa [th
rotational test rig. Contactors are only opened
where necessary to achieve standstill, fi.e.
removing grid connection from @
synchronous generator. Spin down is used in
normal operation once testing is completed
and in error situations where the error dpes
not prohibit safe system control i.e. over
temperature.

Reset Returns both the hardware and software|to a
known state.

Emergency | In the event of a critical error, e.g. speed
Shut Down | encoder error, all contactors are opened fand
all three drives are disabled, thus o
additional energy can be added to the system.
Rotation will cease when the rotational
energy has been dissipated by friction.

Figure 10 HM | screen shot of statelog

C. State machine — other states
By describing normal error free operation, fivetioé nine

Acknowledge| Alarms (i.e. errors and warnings) can |be
Alarms safely acknowledged and reset to zero
iffwhen determined safe to do so. Alarm
history logs can be purged.

state machine states have been discussed. Thentegn&our
states are ‘Reset’, ‘Emergency Shut Down’, ‘Acknedde

Ur

Manual A very flexible state aimed at the expesgry
used during commissioning and debug

Alarms’, and ‘Manual’. The ‘Reset’ state is reacheging a
HMI instruction when the state machine is in ‘IdI& resets

Table 2 State machine state descriptions



D. Alarm handling

Any system variable that has a bearing on systeatthées
examined during the safety check step of the sgaleclf a
variable is outside a desired range then an alarffagged.
Alarms have been classified as having one of thiferent
severity levels; warning, error or critical errd@ther than
recording the warning and displaying it on the H&b, action
is taken when a warning is flagged. In the eventaion-
critical error, the state-machine assumes fullgystontrol,
ignoring any further instructions from the HMI amsdfely
brings the system to standstill in a controlled nman
However, if a serious error or fault is detected an is
deemed that full system control cannot be guardnteen a
critical error is flagged. A critical error resultsy an
emergency shut down. All contactors are openedadirttiree
drives are disabled, thus no additional energybmaadded to
the system. Rotation will cease when the rotatiem&rgy has
been dissipated by friction

E. Alarms

Having described how the system responds to eatheof
three different alarm types (namely, warning, eeod critical
error), the events that trigger these alarms ave examined.
These alarms can be considered in three groupkgimputs,
digital inputs and state machine generated errors.

Temperature is typically a slowly changing paraaneand
current can change quite rapidly. Both cause damége
sustained at elevated levels for prolonged peraddane, but
generally overlaod levels can be tolerated for tsperiods of
time. These can often occur transiently, and mat b®
representative of a fault condition. Therefore, ythare
compared to multi-level thresholds which incredselevel of
response as the temperature or current increashen\Whe
measured value exceeds the first threshold levd) @
warning occurs. No further action is taken othamntheporting
the warning on the HMI screen. Exceeding the upp
threshold (HIHI) causes a more serious responseriam is
flagged and subsequently a controlled shutdown rgccbl
voltage, power and torque measurements are comparad
single threshold (HIHI); any exceedance will triggas error
and a controlled shutdown.

If the speed signal is observed to be outside gerating
range an error will trigger and a controlled stiovn will be
implemented. Certain generator configurations haetricted
operating speed ranges, e.g. a direct grid condec
synchronous generator. These operating ranges
automatically set by the state-machine for the fi8pig”
state. If required, the user can also further ictdine allowed
operating range. These PLC based speed checks
supplemented by the internal safety systems ofdtties.
Both the motor- and generator-side drives havernateover-
speed and over-current limits, and any violatiorthafse will
cause the drive to trip. This digital input signabgers a
controlled shut down.

Another digital signal that triggers a controllgaus down
is the fault signal from the soft-starter. (If tlgenerator
configuration does not use the soft-starter thamalis de-

rated from an error to a warning). The next grofiligital
signals indicate a fault in a critical piece ofdwsare, and any
one of these will cause an emergency shut downsélhe
signals are the three drive status signals, thasstagnal from
the 24 V DC supply and the external emergency btdtons.
An emergency shut down will also be triggered iftea
allowing time for switching, any contactor statugse.(
open/closed) is different from the instruction seat that
contactor.

In addition to the alarms generated by observirgathalog
and digital inputs, alarms are generated interriafiyhe PLC.
These alarms are generated if an invalid configumais
requested or if a state times out, e.g. if a cdlieticspin down
takes longer than expected, an emergency shut dswn
triggered.

F. Configuration contactors

The flexibility to arrange the generator into ameoof 11
different configurations is achieved by the ninenteators
shown in Figure 11. Each of the 11 generator conditions is
achieved by closing a particular combination oftectors as
outlined in Table 3. These combinations are they aallid
combinations that are permitted. All other combiorag are
either of no interest and/or potentially seriougfngerous to
both equipment and people.

K&
DC Field Supply K12
P RS |
Ratar Short Circuit K% |
K10 K1l o
|:-|1'|||"
iy R —
K& rmT!\E/)
Regen Orive Stotor
— 1 5_K
To Grid . v = ~|:] .
soft—starter Capocitor Fesistor
Banl Bonlk

Figure 11 Generator and associated contactors

The different configurations described in Table & de

tuenderstood as follows:

are Grid : Direct grid connection, through soft starter
* Regen: Connected to grid through full rated
regenerative power electronics converter
are SepEx: Separately excited, i.e. connected to a
capacitor bank and resistor load to emulate amgdf-
generator
« Open: Open Circuit, no connection

SCIG:  Rotor windings shorted to emulate a squirrel
cage induction generator

WRIG: Wound Rotor Induction Generator with
resistance load on the rotor windings



+ SG(DC): DC Source connected to rotor windings tgNC) auxiliary contact from K2 in series with thegput of K1,

emulate a synchronous generator
« DFIG:

as shown in circuit (b) of Figure 12, K1 becomeeiiocked

Doubly fed induction generator, with rotowith K2. In this arrangement K1 camly be closed if K2 is

connected to the grid through a transformer arpen and similarly K2 requires K1 to be open befoman be

regenerative power electronics converter.

Configuration| Stator Rotor Close:
ID
1 Grid SCIG K4 ,K9
2 Grid WRIG K4, K8
3 Grid SG K4, K12
(BO)
4 Regen SCIG K5, K9
5 Regen WRIG K5, K8
6 Regen SG K5, K12
(219)
7 Sep SCIG K6, K7, K10
Ex
8 Sep SG K6, K7, K12
Ex (DC)
9 Grid DFIG K4, K10, K11
10 Grid Open K4
11 Open Open All open

Table 3 Generator configurations

Consider a generator configured as a SCIG andexbed
to the grid through the regenerative power conveitespeed
control mode (K9,K5 closed). If then, K4 is somehdased
accidentally; the stator is driven by both the $ypaous grid
and the asynchronous output of the regeneratiwee dfithis
highly undesirable situation could result in damagethe
regenerative drive and, since control of the rotagystem is
lost, mechanical damage to the drive train.

closed.
(a) (b)
24 Vg 24 Vg
close K1\ close K2’ close K1 " close K2
K2, NC K1, NC
Kl cail K2 coil K1 coil K2 coil ’

0 Ve 0 Ve ‘ ‘
K1, NO L1 Sum? K2, NO L1 et K1 NO L] St K2, NO L1 %t
K1, NO L2 S K2, NO L2 St K1, NO L2 S K2, NO L2 &t
K1, NOL3 % K2,NO L3 &t KI'NOL3e—m8 K2 NOL3 e

K1,NO Aux®=—" K2,NO Aux2—*°
K1,NC Auxe—> K2,NC Auxs—-=

Figure 12 Interlocking, ssimple example

The specific interlocking requirements used in tb&t rig
are listed in Table 4(refer to Figure 3 for a schgomof all of

the contactor locations).

As the above example clearly illustrates, all iy
configurations must be avoided to ensure safe tipardrhis
is achieved by two layers of protection; softwanéeilocks
and hardware interlocks. Contactors are closedheyRLC
sending a 24 V DC ‘close’ command to the contaatput.
Once the contactor has successfully closed, an@théf DC
signal is read by the PLC to indicate the ‘closs@tus. The

PLC code is written to prevent invalid generatonfaguration
requests by only allowing a contactor ‘close’ sigt@a be
issued if the status of the other contactors indithat it is

safe to do so. This is the software interlocking.

An additional and fail-safe level of safety is affd by
including hardware interlocking which is achievedy
connecting the auxiliary outputs from appropriatmtactors
in series with the input of a given contactor. Gdesa simple

example of two contactors, K1 and K2 as shown lioudi (a)

of Figure 12. When the ‘close K1’ switch is closky the
PLC, the K1 coil is activated and the three curreantrying
contactors are pulled closed. Since there is nerlotking
circuit (a), K2 can also be closed in the same wagspective
of the state of K1. Auxiliary contactors are intooéd in

circuit (b) of Figure 12. When K1 coil is energizeall the
contactors (listed below the 0 V line in the diagjachange
from their normal state (i.e. either normally op@O) or

normally closed (NC)). By connecting the normallpsed

Line Emulator
Connections
Safety Condition Series connect
K1 K2 must be open K2 NC Aux
K2 K1 must be open K1 NC Aux
K3 must be open K2 NC Aux
K3 K2 must be open K2 NC Aux
Stator Connections
Safety Condition Series connect
K4 K5 must be open K5 NC Aux
K6 must be open K6 NC Aux
K10 must be open K10 NC Aux
K11 must be open K11 NC Aux
K5 K4 must be open K4 NC Aux
K6 must be open K6 NC Aux
K10 must be open K10 NC Aux
K11 must be open K11 NC Aux
K6 K4 must be open K4 NC Aux
b K5 must be open K5 NC Aux
K10 must be open K10 NC Aux
K11 must be open K11 NC Aux
Rotor Connections
Safety Condition Series connect
K8 K9 must be open K9 NC Aux
K10 must be open K10 NC Aux
K11 must be open K11 NC Aux
K12 must be open K12 NC Aux
K9 K8 must be open K8 NC Aux
K10 must be open K10 NC Aux
K11 must be open K11 NC Aux
K12 must be open K12 NC Aux




K10 | K8 must be open K8 NC Aux caused by the speed control algorithm and can Akso
and | K9 must be open K9 NC Aux adjusted if necessary. Finally the graphs in FiglBealso
K11 | K12 must be open K12 NC Aux show the various currents in the drive during opena The
K12 | K8 must be open K8 NC Aux spikes in active current and current magnitude directly
K9 must be open K9 NC Aux related to the changes in speed, as extra torgregjisred to
K10 must be open K10 NC Aux accelerate the motor which increases the currentadd.
K11 must be open K11 NC Aux
RC Connections T
Safety Condition Series connect RS
K7 K8 must be open K8 NC Aux 1410 , . = —
1 I | |
Table 4 Table of interlocking contactors WA !““ : “i‘ “““ ! ““““
G. Test operation £ EE I | __] _____ L i _______
In a research facility like the HMRC there is aginent ; F:D : : : } |
need to demonstrate the test equipment to visdétagemics, | 2 — [~ T AR T R 1
industry representatives, governmental and statig-bc 0 Eheaaat R Vi T e
representatives, under- and post-graduate studemesefore, 0 - - - mm———— e i
the HMI for the rotational test-rig includes a derswation 8 | : : : |
mode which can be safely used by anyone in thectdte, a 1 2 Lt 4 50

even if their knowledge and/or experience in eleatr
systems is limited. A number of demonstrationsavalable,
varying in duration and complexity. The second lasuser
who is catered for by the HMI is a researcher (&tgrnal
HMRC staff researcher, external researcher or gestuate
student). This user has a good knowledge of madhieery
and is focused on extracting data from a sequehtests. The
HMI/PLC has enough flexibility to run the requiréskts and
gather the data in a suitable format. Alarm hamdig well
reported and easily understood by the user. Tter®ineed
for this user to have any understanding of the fmmk of
either the HMI or the PLC. The system is safe aildpnotect
itself against any mistakes made by the user. Ring tlass of
user is expert in all areas of the hardware anthsoé of the
test-rig design and construction. The HMI provideis user
with access to the ‘nuts and bolts’ of the PLC codgle
continuing to ensure that safety checks and alamndling are
carried out. In this mode, the HMI allows the expeser to
mask any alarms that may be preventing a partiautasual
test setup. This mode was widely used during tl
commissioning stage of the project and will be usedhe
future during re-commissioning of any replacememttg Of
the three HMI modes (demo mode, researcher mod#,
expert-user mode) the researcher mode is the mastnonly
used.

H. Experimental results

The graphs in Figure 13 show the speed, the sfatheo
state machine, and the current magnitude, activeeiguand
reactive current over time. The state of the staehine can
be clearly seen moving from state 1, into state® 4, 7 and
back to 1, where state 1 is idle, 2 is spin us $pinning, 4 is

speed can also clearly be seen in Figure 13rarfgimy O to
800 to 1200 RPM and then returning to O during sfown.
The acceleration and deceleration rates can be teenand
can be adjusted by the user from the HMI if reqliréAlso
note the set point overshoot at the end of acd&etathis is

Time [g]
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Figure 13 Speed, current state and motor drive current

In Figure 14, a zoomed view of the system speedaotdr
spin down, and 7 is acknowledge alarms. The clanmge drive currents are shown. The resolution of thds¢sps of
the order of 8 ms, illustrating the power of thghhspeed data
acquisition system.
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Figure 14 |Zoom in view of Figure 13

V. SUMMARY

Scaled testing of power take off systems has bhewrs to
represent an important stage in the developmentcefain
energy converters. This is particularly the casi wéspect to
control algorithms, power quality, thermal performa, and
load profiles on electrical machines and power eoter
equipment. For this testing scale to yield wortHevsliesults,
power ratings must be in the order of 10-30kW. Best use
of such a test system, flexibility and programmapilis
important. For safe use, particularly when grid reeetion is
involved, the use of standard, certified, industggality
equipment is vital. Moreover, best design practicest be
utilised in operational supervisory control. Thiapgr has
presented such a system. A detailed equipmentigésorhas
been provided for mechanical, power and control paments.

illustrating the operation of the state machine ehdeen
presented.
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A leading edge PLC controller with high speed data

acquisition capability built-in has been utiliseds dhe
intelligence backbone of the system. Coupled wehdtvare
and software interlocking, a robust state machioatrol
algorithm, and a sophisticated error handling protathis has
resulted in a safe system that can be confiderstyd by both
researchers and students. The selection of a waeatal
generator along with a multi-contactor
technique gives this system a unique level of Hiity in the

configuratio

selection of generator type. Some experimental ltesu



