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Abdgract: - In the paper a Direct Power and Torque Control-Spactor Modulated (DPTC-SVM) are presented. Tinigegy

leads to good dynamic and static behaviors. Additipower feedforward (PF) loop from a generatte sonverter (GSC) to line
side converter (LSC) control improves dynamic efftbwer flow. As a result, more accurate inputtLgpergy matching allows
better stabilization of DC-link voltage. Henceg lifime of DC-link capacitors would be prolongatktbreover, proposed
advanced control strategy gives possibility of @i whole power range of active and reactivedaiower injected to the line.
Current delivered to the line is sinusoidal likesivape (THD < 5 %). Presented system is consitefgelimplemented in wave

energy converter — Wave Dragon MW [1].
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1 Introduction

Well controlled power electronics interface for eeable
energy system can improve a quality of a “cleanguoom
renewable sources such as sea waves [1]. One exaompl
many possibilities is presented in the paper.

Applied AC/DC/AC converter allows controlling engrgt
the generator side separately from line side. DiCthkes a
role of a buffer between line and generator. Howesgitage
fluctuations in DC-link can have a negative imparclife time
of the dc capacitors and line power quality. Theac#ors
have some main drawbacks: low reliability, big sizeight
and cost. Hence, reliability of the DC-link capacits the
major factor limiting the life time of the powereetronics
converter systems. DC voltage stabilization atrelédevel
can extend life time of capacitors because ovageltsually
causes capacitors breakdown.

Development of control methods for Pulse Width Maigal
(PWM) line side converter (LSC) was possible thattks
advances in power semiconductors devices and ICiggaal
Processors (DSP). Therefore, the Insulated GatelaBip
Transistors (IGBT) AC/DC/AC converter controlled WM
is used in power electronics systems (Fig.1). Thaiok
controlled LSC the DCHink voltage fluctuation cdoe
reduced. Farther reduction of the DC-link voltagetiation
can be achieved by active power feedforward logmn fr
generator side to the control of the LSC [3].

In respect to line power quality and dc-voltagéittation
power balance between line and generator is vgugriamnt.
Therefore, to improve instantaneous input/outputvgpo
matching, the additional active power feedforwaRF)(

control loop is introduced. Its deliver informatiabout gen.
state directly to active power control loop of tsC.

Thanks to better control of the power flow the tihation of
the DC-link voltages will be decreased. Moreovetiva and
reactive power control ability in a whole rangegeherator
power allows improving system efficiency and quatit an
energy delivered to the line.

Therefore, well designed control methods (estiraator
controllers’ parameters in control loops etc.) lioe side
converter (LSC) as well as for generator side atengsSC)
have a major impact on main parameter of the rdrewa
energy system.

2 Renewable energy system Wave Dragon —
MW [4]

Needs for the development of renewable energyudimagd
offshore wave energy, arises from the requirement t
strengthen the security of supply, reduce emissiohs
greenhouse and acid rain gases. As an example Khe U
Government has a target of generating 10% of Ugtriity
demand from renewable sources by 2010, 15% by &5
an aspiration of 20% by 2020. The Wave Dragon Miyy. 2}
is an offshore wave energy converter (WEC) of the
overtopping type. The development work is to aglaxgtent
built on the concept: use proven technologies wd@ng
offshore. The plant consists of two wave reflectocaising
the incoming waves towards a ramp, a reservoidiecting
the overtopping water and a number of hydro tugbiioe
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converting the pressure head into mechanical
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Fig. 1 Structure of Direct Power and Torque Coriqmhce Vector
Modulated (DPTC- SVM) with active power feedforwériF)
Where: VM- virtual machine, SVM- space vector mathri PF — active
power feedforward

electrical power which is controlled by power eiaaics
AC/DC/AC converters. Wave Dragon is the largestwkno
wave energy converter today [4]. Each unit willdavrated
power of 4-11 MW or more depending on how enerdiaéic
wave climate is at the deployment site. The utibraof the
overtopping principle as opposed to power abseorptia
moving bodies means that the efficiency grows tithsize
of the converter. This means that only practicattersa set
limits for the size of this WEC. In addition to ghiVave
Dragon due to its large size can act as a flofimggdation for
MW wind turbines, thus adding a very significanttribution
to annual power production at a marginal cost. bbst in
profitability makes Wave Dragon an economical fabfe
investment with the prices for renewable elegyricit

Wave Dragon (WD) has been developed during thenilast
years. Grid connected prototype presented in Fg. sale
1:4.5 of a North Sea production plant) of the WD M&V
presently being tested in a Danish fjord Nissumdiirey.
Every activity is focused on one goal: to produeetecity
with the highest efficiency in the lowest possitists — and in
an environmental friendly and reliable way.

The only way to achieved this goal (from power teteics
point of view) is choosing proper generating Systand
power electronics converter with robust and acgucaaotrol
methodology.

powel 2
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170 m

Fig. 2 Top view of the Wave Dragon MW a); Side view of the
Wave Dragon MW b) [4]

3  Direct Power and Torque Control of
AC/DC/AC Converter with Induction
Generator

Base on literature analysis very promising for mbrdf an
AC/DC/AC converter are direct power control withasp
vector modulation (DPC-SVM) and direct torque aalntrith
space vector modulation (DTC-SVM). When both method
are joined for control of the AC/DC/AC convertennected
between electrical machine and supply line directgr and
torque control with space vector modulation is iobth —
DPTC-SVM [3].

3.1 Direct Torque Control with Space Vector
Modulation — DTC-SVM

To avoid the drawbacks of switching table based [M]C
instead of hysteresis controllers and switchindetdte Pl
controllers with the SVM block were introduced likefield
oriented control (FOC). Therefore, DTC-SVM joins©&nd
FOC features in one control structure e=dnl

F|g 3 Prototype of Wave Dr g nin ﬁord N|ssuchneg [1]
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For needs of the DTC-SVM method a mathematical hajde
machine in a xy rotating system of coordinatesci@sen

(Q, =Q,, ) In this case the coordinate system is oriented

electromagnetic torqu#l  is delivered from outer Pl speed
controller Fig. 1. Then,M_ and command stator flus_

330
PI S&H+VSC U4  Input choke
R+ - KPP(STIP +1) Kceisrn L+, g Ke
H{_ sTp STy +1 ST +1
P
with x stator flux linkage component. The command Fig. 4Block diagram_forasimplified active power contiabp in
the synchronous rotating reference frame
will be presented. Control structure will operates
discontinuous  environment (model in Saber, and

amplitudes are compared with estimated actual sati®
and ¥, . The torquee, and fluxe, errors are fed to two Pl

controllers. The output signals are the commartor staltage
components)  , andU, respectively.

Further, voltage components in rotatinggy system of
coordinates are transformed intgg stationary coordinates
using y,,, flux position angle. Obtained voltage vectdy, is

delivered to SVM which generates appropriate switch
states vectors,(S,,,S,,,S,.) for the GSC. An exhausting

description of the DTC-SVM can be found in [6].

3.2 Direct Power Control
Modulation — DPC-SVM

with Space Vector

Direct power control with space vector modulatioDPC-
SVM guarantees high dynamics and static performéacan
internal power control loops. It is not well knovim the
literature. This method joins the concept of DP@ wartual
flux (VF) oriented control (V-FOC). The active arehctive
power is used as control variables instead ofrieecurrents.

implementation in DSP) therefore, is necessangalke tnto
account the sampling peridd. It could be done by sample &

hold — S&H block. Moreover, the statistical deléyhe PWM
generatiorir,,,, = 05T, should be taken into account (voltage

source converter (VSC) block). In the literature tielay of
the PWM is approximated from zero to two sampliadquls
T, . Further,K_ =1 is the VSC gainy, is a dead time of the

VSC (r, =0 for ideal converter). The S&H and VSC blocks
could be joined in one S&H+VSC block. Where, surtheir
time constants is expressed by:

TZp :Ts +TPWM (1)

Please note thatr,, is a sum of small time constants,
T, =L/R is alarge time constant akd, =1/R is a gain of
input choke. HenceT, gives a dominant pole. Between

several methods of analysis, there are two simplefar the
controller parameters design: modulus optimum - k@
symmetry optimum — SO. Tuning of the regulatoretam
and MO gives good response to a step change ofmeée
(4% overshoot). But an answer for a step of arbishce

The DPC-SVM with constant switching frequency useSsignal is not satisfactory (aboul,3) whereas, the SO has

closed active and reactive power control lodpg. (). The
command active poweP, are generated by outer DC-link

voltage controller, whereas command reactive p@yves set

to zero for unity power factor operation. Theseueslare
compared with the estimatdel and Q values respectively.

Calculated errorse, and e, are delivered to Pl power

controllers. Voltages generated by power contsolige DC
guantities, what eliminates steady state errorc{itrollers
features). Then after transformation to stationang

coordinates using,, VF position angle, the voltages are

used for switching signals generation by SVM blotke
proper design of the power controller parameterseiy
important especially in respect to line side pogeality.
Therefore, analysis and synthesis will be describethe
followed Subsection.

3.2.1 Line Side Power Controllers
The assumptions are described in detail in [3]. lécko
diagram for a simplified power control loop in the

much better capabilities in transient for distudsasignal step
(U 4g €-9. higher harmonics, voltage flicker et€herefore,

it is better to choice the SO for further consitiena
For constant line voltage, = const. the following open loop

transfer function can be derived:
()= Kkelles) 3y
ST, (e.rZp + l)(s.TRL + 1) 2
With simplification (sT, +1)=sT, gives following closed
loop transfer function for power control loop:
Gzp@ — KRLKPP(1+ S-II—P) §‘UL‘
KRLKPP(1+ S-ll—P) +SZ-|—IPTRL +S?-|—IPTEpTRL 2

For this relation the proportional gain and integnae
constant of the PI current controller can be catedlas:
T

@

©)

2
K. = RL _“ 4
PP 2sz . qu L| ( )
TIP = 4T2p (5)
which, substituted in Eq. (2), yields open loopndfar

function of the form:;

synchronousxy rotating coordinates is presented. Since, the

same block diagram applies to both and Q power
controllers, description only fdp active power control loop
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Fig. 5Power control loop with prefilter

0= 5 o o) 3
T 21, Ko 3U | s4r, (sty, +1)sT, +1) 2" (6)
-~ TRL (1 + 547—2[3 ) (1+ S4TZP)

T, sar,,(st,, +1)sT, 872 +s%8r2
For the closed loop transfer function:

1+s4r
GCP (S) = 2 z2p 3,3 (7)
1447, +s°8r; +5°8r;,

Tuning of the regulators based on Egs. (4) angiyB¥ power
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Fig. 7 Active power tracking performance (simulated in eBpb
without decoupling; a) without prefilter, b) withgfilter

From the top: command and estimated active poaernand and estimated
reactive power

generated by modeled line voltage distortioHD,, =4 % of
5th  harmonics). This harmonics after coordinate

tracking performance with more then 40% overshaot a transformation to rotating coordinates gives AC jgonents

shown in Fig. 6a and Fig. 7a caused by the foe®gent in
the numerator (Eq. (7)). Therefore, for decreatiagvershot
(compensate for the forcing element in the num@ratéirst

order prefilter on the reference signal can be:used

1
prp (S) = 1+ ST (8)
pfp

Where, T, usually equals to a few, . Hence, the block
diagram of the control loop takes a form as in%ig.
In further investigation a time delay of the ptefilis set to
4r,,. So that Eq. (7) takes a form:

= = ! )
GCPf (S) GCP (S)prp (S) 1+ 84sz + 52872, + 5381'3‘) :
Discrete simulations (fs=5kHz) in Fig. 7 show tifet answer

is little bit different in comparison with continu® simulation
in Fig. 6. The difference is caused because oépoesof the

with frequency six times higher then line voltagegtiency.
Hence, the question is appearing: how the samipéggency
takes impact on the line side power control pararsieand on
the design of the power controllers? Thereforeasaletake
into consideration the following simulated resplissented in
Fig. 9. It shows active and reactive power tracking
performance at different sampling frequency: fs+{0ka,b),
and fs=20kHz (c,d).

3.3 Active power feedforward — PF

In spite of very good dynamics behaviors of DPTQYBV
scheme, the control of the DC-link voltage canrbproved.
Therefore, active power feedforward — PF from geneside
converter (GSC) to line side converter (LSC) wa®sduced.

nonlinear coupling (discrete simulation was made¢hwi The PF deliver information about machine statesctr to
modeled coupling). Finally the relaton (9) can be active power control loop of the LSC. Thanks tesfasontrol

approximated by first order transfer function (lssa Fig. 6):

1 1

Gy (s) 0 Trsir, “TeeT, (10)

For better comparison with experimental resulesteist under
distorted line voltage was performed. Command pdvasr
been changed from 1kW to 2.5 kW. The simulationlrésr
this case is shown in Fig. 8.

Please take into account the oscillations in Figih@re are

a; b)‘

h
|
|
I

I /

I /

I /

| /

Fig. 6 Active power tracking performance (simulated in Izt
Simulink) controller parameters designed accorttirisO; a) without
prefilter, b) with prefilter

of power flow between generator and line, the dlatibn of
the DC-link voltages will be significantly decreds&o, the
life time of the DC-link capacitors should be exiet In Fig.
10 is shown simplified diagram of the AC/DC/AC certer
which consist of LSC and GSC. Both converters G®TI
bridge converter.

N NN o s 4
VT g o

-5000 T T T T T
0.394 0396 0.398 0.4 0.402 0.404 0.406 0.408 0.41 0.412

Fig. 8Active power tracking performance (simulated) waitbfilter;
1) command active power, 2) estimated active po3jecpmmand
reactive power, 4) estimated reactive power; ailsiion in Matlab
Simulink b) simulation in Saber fs=5kHz
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Fig. 9Active and reactive power tracking performance (&ited in ST, +1

Saber) at different sampling frequency: fs=10kHaetve power Fig. 11 Block diagram of the AC/DC/AC converter nedted
step, and b) reactive power step; fs=20kHz c) egiwver step and between generator and line with PF
d) reactive power step

From the top: (a,c) command and estimated activerpaommand and ; ; : =
estimated reactive power, (b,d) command and estimaiactive power, Further, please consider a situation at stand (Qm O)

command and estimated active power when nominal torque is applied. In such a case the
electromagnetic power will be zero but the powdiveled to
Note again that, the coordinates system for cootrible LSC  the machineP,. would have a significant value.

is oriented with VF vector. Therefore,, is set to zero to  Estimation of this power is quite difficult, becaushe

meet the unity power factor (UPF) condition. Withist  parameters of the machine and power switches adede
assumption the line side power of LSC can be catlibs: Hence, for simplicity of the control structure awgo

3 3 estimator based on command stator voltaige and actual
PLsc :_(I LxU px+|LyUpy):_|LyU by (11) . . .

2 2 stator current ;. would be taken into consideration:
Under steady states operation, =const. and, with 3 ( )
assumption that resistance of the input chok& 0, the R = 2 lsUse *15Us, (16)
following equation can be written:

3 3.3.1 Power Response Time Constants
l:)I_SC = E I LyU Ly (12)

Another form of the above equations can be detiesed on :Base_(g on ZCI-t(lo)_ thztl\r}qvi;onstant f[’.f ththtSC mwrrltr(él
VF where is clearly seen that the active powehefiSC is ~ '°0P T 1S Getermined. WWith assumption that power losses o

proportional to the virtual torque (VI = M, . the converters can be neglected, power trackirfgrpence

Therefore, instantaneous active and reactive powes can be expressed by:

described by: P.=—P_, P.)=——P. @7
3 ) 3 ) 1+sT,; 1+sT,
P=3 mfYl o, 13 Q= > RY I o (14 Where, T, is the equivalent time constant of the GSC torque
Based on eq. (12) can be written that: control loop. Based on this eq. (17) and assungptieacribed
_3 _ _3 in [3] the analytic model of the AC/DC/AC convertetween
Pl.sc _7wL(LIJLx|L LlJL ILx)_iwLLpLle (15) H . ] H .
2 oY 2 Y gen. and line with PF can be defined as in Fig\liere, T, ,

On the generator side electromagnetic power ofier is 1 fiter time constants on actual DC-ink voltageida
defined by P, =M _Q, . However, for calculation power of a

_ _ mechanical speed measurement;,,T,,; K. T - Pl dc
generator side power losses should be taken imouaic .
b —p+p voltage and speed controllers parameters. Moreibgdiould
GSC e

fosses * be stressed that the first order filter added teliBiCvoltage

LSC GSC

U; AC

: u feedback strongly delays the signal.
K ( Q ) 5& .l::} l(‘ D(j::} 3 ° Gear- g y y g
LINE DC T AC b

]T F Turbine i
e ol o] 4 Experimental Results
Proposed approach has been tested using MatlaBadoml
regulation simulator. Experimental investigation was conduabeda

Fig. 10Simplified configuration of the AC/DC/AC convertaith laboratory setup presented in Fig. 12. The setupists of:
control between generator and line input inductance, two PWM converter (VLT5005, siria
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Fig. 12 Pictures and scheme of the laboratory setup, &gl
interface, 2- AC/DC/AC converter constructed basedwo VSIs

(Danfoss VLT 5005 with replaced control boards), iSslating

transformer, 4— resistive load, 5 reversible freGt— machine set,
7— input choke

produced by Danfoss with replaced control integpace
controlled by dSPACE DS1103 and induction machiite w
prime mover. The computer is used for softwareldpweent
and process visualization.

From Fig. 13 can be seen that steady states of 3@
provide sinusoidal like line current. Reactive powas

a value close to zero. In further investigation,deeck
the quality of the PF during speed reversal. Fraga F
14b it can be seen that with PF result is superior
respect to DC-link voltage feedback only.

4 Conclusion

333

hil 1.00V  (@# 1.00
ch3[ 5.00v |chd[ 5.00V

V™ M@0.0ms Al Ext s 320m Chil 1.00V (@B 1.00V M40.0ms A Ext 7 320m

ch3[ 5.00v |chd[ 5.00V

W[20.20%
Tek Stop == ] Tek Stop i

©[20.20%

i’

hi[ 10,0V CF V" M40.0ms Al Ch3 7 320m

“ha[ ~1.00 hi[ 10.0V V™ M40.0ms Al Ch3 7 320m
Ch3[ 200V @@ 200V

Chal 1.00
Ch3[ 2,00V @m 200V

1[20.60 % 12060 %

Fig. 14Experimental speed reversal from 71% to -71% ofimaim
speed; a) Only DC-link voltage feedback b) Withivactpower

feedforward

From the top: DC-ink voltage 100V/div, line currebOA/div, active

2.5kwi/div and reactive 2.5kVar/div power, mechdnsseed of machine
1000rpm/div, stator current 10A/div, command antimaged torque 20
Nm/div. DC-ink capacitor C=470uF

side power quality (THD <5%), minimized energy agar in
DC-link capacitor, controllable and stable DC-lidttage as
well as active and reactive line power control ivole rage of
the rated power. However, induction generator lmmees
drawback (e.g. it needs gearbox) which indicatest th
permanent magnet synchronous generator would lesicup
for WD MW. However, further investigations are riegd.
Therefore, other solutions should be investigated a
analyzed.
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