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Abstract—This paper studies practical design aspects of abeen implemented in dozen interconnections and leing

high-power DC-DC converter which might be employedwith
renewable power sources like large offshore wind fens. The
component selection and losses are studied for G8kV/100kV,
5MW step-up DC/DC converter. It is concluded that inverter-
grade thyristors offer overall advantages becausef ability to
operate at high switching frequencies. The conventeoperates at
all zero current switchings and therefore an increae in the
operating frequency has minimal effect on the effiency. The
detailed converter modelling at switch level indictes that the
converter efficiency will be around96-97%. Better efficiencies are
possible with phase-control thyristors, but this wald come at the
expense of significant increase in the size and \gbt of the
passive components. The dimensions and weight ofetfcrucial
passive components are calculated and the largestir-aore
inductor may weigh around 610kg. The converter responses are
simulated for reference step changes and the deted steady-stet
curves are analysed. The converter is further testkfor the worst
case fault conditions. The simulations indicate thathe converter
will not propagate fault currents, if the converter components are
adequately selected.

Index Terms—DC-DC power conversion, thyristor converters.

I. INTRODUCTION

promoted as a very suitable solution for integratiof
renewable power sources. A suitable MW size DC-DC
converter would enable development of multitermidsiDC.
The recent development of offshore renewable ssuwoeates
scenario of multiple DC sources and the favoralolediions
for submarine DC transmission, which require DCtagé
stepping at MW power levels. A high-power DC tramsfer
would also aid in development of FACTS (Flexible AC
transmission systems) technology. It can expandection of
FACTS elements (like STATCOM or UPFC) to a widegan
of DC sources.

The DC-DC converters have been extensively utiliaéd
low power levels and myriad of topologies exist.wédwer
most of these technologies are not suitable folirgcaup to
MW power levels. The limitations are linked to thature of
the high-power switches, the operating frequen@éigiency,
switch utilization and others.

The conventional, unidirectional boost convertest ¢an
not achieve gains larger than 2-4 or higher powersause of
difficulties with the output diode. There have bestempts to
develop the flyback and forward converters [5-7]hagher

In the MW power range there has not been much ipeact Power levels; nevertheless some series inhereritation in

applications of DC-DC converters because of thefiitsent
market need and the lack of suitable technologyrelcent
years, however, the market demand for DC-DC coimetias
significantly increased considering proliferatiorf power
sources that generate DC [1,2]. The DC power ssutc are
approaching power levels of multiple MWs includeelfcells,
photovoltaics, batteries and redox flow. Also, wsdiriable

speed machines (like wind generators or small hyd'ﬂ@:ethOOI

generators) may be viewed as DC sources if thectasterter
stage is removed [3]. Furthermore, majority of tleal

storage and load leveling devices use a DC storagéia
(batteries, supercapacitors, capacitors, superaindu
magnetic energy storage etc). Many of these DCcesuitilise
very low voltage basic cells, or require wide vaoia of DC

voltage, and their integration into the power griths
traditionally been difficult.

terms of stepping ratios and power levels have been
demonstrated [8]. Reference [1] studies scalingpugkW with
stepping ratio ob and [2] describes @00kw, 14kV forward
converter. However these converters utilize MOSFEBs
switches with aroundlOkHz frequency, which gives low
prospect for further increasing to MW power levels.

The switched capacitor converters have been prapase
of achieving high DC boost without
transformers/inductors [9]. On the downside, thatched
capacitor converters are modular, where each module
increases output voltage only by the value of timii voltage.
To achieve stepping ratio of s&§, 9 modules are needed and
over 18 switches, which implies significant losses and
complexity.

A new step up DC-DC converter has been proposezhtigc
[11,12] which achieves voltage boost without intediate

The rapid development of HVDC (High Voltage Dc)transformers. It has been demonstrated that thigsester can
transmission technologies is also driving demanddfé-DC ~ achieve very high step-up gains with a MW rangesgstems.

converters at highest powers. The recently develdpeDC

This paper investigates the practical aspectseo€ttimverter
concept from [11] and explores the application watharge
offshore wind farm. The goal is to study the comgrn
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aspects have enormous importance with practicdicaipns
at MW power range. The DC/DC converters that doutitize



intermediate transformers, will always require @ased rating Ill. HiGH POWER STEP UBDC/DC CONVERTER

of electronic switches which is typicallxP 4 , Wheren is

the voltage stepping ratio. Higher size of switchas negative A. Low voltage circuit design

consequences in terms of costs and losses. Nelemdhiiese  The theoretical basis for the step-up DC/DC comveis
penalties should be carefully weighted againstiireefits that researched in [11,12] and only a summary is givene hFigure

direct DC/DC conversion may bring. 2 shows the high-power resonant step-up unidireati®C-
DC converter topology. All switches should have erse
II. APPLICATION WITH AN OFFSHORE WIND FARM blocking capability, but turn-off capability is negquired, and

AC transmission has serious limitations with sukinear therefore thyristors are suitable. The filtets;,(Cy, and Ly,
cable systems and maximum cable length is limicedround Crz) are not essential but they reduce harmonics eyl are
50km. DC transmission has no limitations in length &mther further discussed below. _ N
advantages over AC transmission exist, includingaller ~ The capacitoC, is rotated by sequentially firing, andT,
cables, lower losses, better control, no needdactive power. Pairs at0.5 duty ratio. The operating frequency is used as the

The main shortcomings with DC transmission netwartes CONtrol input. The nominal switching frequendy can be
related to cots of converter, difficulties with tage stepping, selected considering that the maximum switchingdescy is:
and difficulties with fault current limiting.

Figure 1 shows &B00OMW wind farm consisting of60, fomax =1/(2T ) (1)
5MW/4kV wind generators. The generators operate at variabl
speed and they are equipped with VSC (Voltage ®OUfGhere T is the turn-off time for the thyristors. The main
_Converter) rectifiers which generae8kV DC. Each rectifier .qnverter design equation is given as:
is connected to a DC/DC converter that steps upDfe
voltage to100kV which is sufficiently high for long distance 1V, =V,)

2\Y2 Y-cCcf

submarine transmission. The wind farm does not n&&d . 2)
iron-core transformers at the offshore platfornise proposed ViV,

topology provides all benefits of DC transmissiorithw

simplicity of offshore systems. The above equation indicates controllability thriotdigequency

f, and applies to both: continuous and discontinumosle.
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Figure 1. 300MW wind farm with DC/DC convertersgifore.
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Figure 2. High-power step-up unidirectional DC/D@heerter.
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Assuming thatfs and the power/voltage levels are known Considering the switch stresses in table 2 it ischaled
(12,V,,Vy) thenC, can be determined from (2). The operation ithat the switches in high-voltage circuit haweand|, rating,
discontinuous mode, close to the border with caintirs mode whereas the low-voltage circuit switches halgeandl, rating.
may offer overall advantages. With known, the value for the Therefore the low voltage converter needs rating of

resonant inductor at the border of discontinuoudaenis: (Vo/V)XPiaed Where Pryeq is the rated power. This implies
penalty in silicon costs which must be comparediraga
|_1 - 4/(,72 f2C ) A3) benefits in transmission losses and offshore systeen
S r

The digital simulator PSCAD is used for the coneert
. testing [13]. Since PSCAD accommodates only lireadel
The main advantages _Of the conyerter are. for the switch losses an approximate linear cusveeveloped
* The converter design equation (2) shows very wegkq compared with the manufacturer's data, as shiwn

dependence on the gaiWx(Vy), and the converter cangiq re 3, with the parameters in Table 1. The éqndor the
achieve very high output voltages. The control il on_state voltagw,, for a single switch is determined as:
affects the power transfer, almost equally at aip.g

« In discontinuous mode all switchings are at zeryent
L ! =11+0.
and therefore losses/stresses are minimal. Von =11+0.001
« |tis suitable for MW-range power transfer becaokthe
use of thyristors, and low switch stresses. Figure 4 shows the converter losses calculatedidenmsg
« The reverse recovery losses are also minimal afft¢ above equation and including further manufactsirdata
therefore only the conduction losses are applicable ~ 0on off-state losses. The losses in the inductoes also
+ Ingeneral, it is not vulnerable to commutationufi. included. It is seen that the total converter efficy of 96%-
On the down side, discontinuous mode implies high8f% can be expected.
harmonics and the frequency of dominant harmonids w

(4)

TABLE 1 SWITCH DATA IN THE PSCADMODEL (C613)

reduce as the power transfer reduces. At low sinigch T1-T8
frequencies, the cost of filtering may be high. Nurmber of switches 57
B. Selection of switches On resistance [m¢)] 57x1=57
. . . Off resistance [MQ] 57x0.047=2.7
The turn off time for switchesT;-T, determines the Voltage drop [V] 57x1.1=62.8
operating frequency. The inverter-grade thyristbesre the  [Extinction time [ug) 50

turn off time of the ordeB0-100us and the maximum voltage [Forward/reversevoltage[KV] | 120
rating of around2-3kV. The Silicon Power thyristor C613

(2.1kv, 800A, 50us) would allow theoretically maximum TABLE 2 SWITCH STRESSES FOR THE TEST SYSTEM AE=4KHz
operating frequency oflOkHz. In order to allow robust Thyristors |Thyristors | Max.values C613
operation under disturbances/faults some margiredslired T1-T4 T5-T8 (Silicon Power)
and the operating frequency 4kHz is selected. The higher [Voex[KV] 113 113 57x2.1=120
operating frequency implies smaller passive comptme |la[Al 380 25 475

However, the inverter grade thyristors have lowtage rating ~ [dV/dt [Viks] |25 25 400

and this implies high series resistance sifde units are difdt [Aus)  [18 9 200

required for a singlelOOKV switch. The overall converter .

efficiency will be around96-97% with the inverter grade
switches, as it will be demonstrated below. Tabkhaws all
the switch data used in the simulation model.

The phase control thyristors are nowadays availalile

voltage ratings of oveskV. With these thyristors there will be % 2
lower series resistance and simulation shows tratoverall 2
converter efficiency will be aroun®8-99%. However the S
switch turn-off time is around00-700us, and this implies that > 1.5k

the operating frequency will be very low (arous@D-500H2).
With low operating frequency the capacit@ and the
inductorL; must be considerably larger as seen in (2)-(3). ; ; : : :

If the swnc.hlng frequency is mcrgasgd, it is glllsmortgnt 1O 260 460 6(')0 8(')0 10'00 1200
to pay attention to the current derivatives durgmpduction

L . . Current [A]
and the voltage derivatives in forward blockingtestdn the ) . )
. L Figure 3. Switch resistance model.

considered converter all switchings are at zeraeturand
there will be no switching stresses. The currert woltage
derivatives will be exclusively determined by tlesponses of
the L,C; resonant circuit. Table 2 shows that all the dwitc
stresses are well below the limits for the congideswitch
C613. Furthermore, there is no need for snubbers.
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circuit, are used, in order to provide complete imity from
faults onV,.

The inductorl, is not essential for the operation but it will
reduce switch stresses and reduce harmonics. ilis@asing
L, improves fault responses. This inductor carries/ vew
current and it will be of small size, as seen ibl€a3. It is
noted also that increasing inductor increase peak value of
the capacitoC, voltage.

Total loss [%)]

E. Filter design

The dominant harmonic from the DC/DC converter tis a
frequencyfs and may have large magnitude. At lower powers,
the frequency will reduce but the magnitude of doeninant
harmonics relative to the DC current magnitude silhy
approximately unchanged.

The Low voltage filter I{s;, Cs;) will be determined by the
harmonic tolerance of the wind generator and theCVS
rectifier. The high voltage filteriL¢,, C;,) will primarily depend

The inductorlL, is in the high-current path and it playspn the harmonic tolerance by the high-voltage caiiee that
crucial impact on the converter weight, size ansisés. A jn a large wind farm there will be further powereaging and
simple preliminary design is performed assumingmitial harmonic cancelation in the maifokV cable.
air-core design, as shown in Figure 5. Air coreigfesan be  |n the considered test system, the filters areguesi for
used at high frequencies but the number of turiiso@ihigher  approximately5% harmonic magnitude. All the test system

because of low permeability of air. The Calculmameters parameters inc|uding filters are given in the Ap:lﬁgn
for bothL; andL, are shown in table 3. The total weight is

therefore around10kg for L, and only95kg for L,. The low |v. SMULATION RESULTS
size, weight and losses of these inductors denatrstnajor
advantages of the proposed DC/DC converter. Sidenaight A, Steady-state operation

pay significant role in offshore system costs bseawf A pc/DC 6.8kv/100kV, SMW test converter is developed

implications for platform c?sts. on PSCAD digital simulator with detailed switch netsl The

! converter is operated i, feedback control mode, using
frequency as the control input. Figure 6 showsrtdsponses
on positive and negative current reference stepy yeod and
fast controllability is evident.

R Figure 7 shows detailed traces for the convertaabkes at

nominal power level. The high-voltage and the logltage

currents are discontinuous which eliminate switghiosses.

We observe that the peak capacitor voltage is ardibdo

higher tharV,, which is the result of size of inductoy.

P IMWI1
Figure 4. Theoretical converter losses.

C. Inductor design

\

0.80 7
Wire AWG 4/0
Fig. 5 Air-core toroidal inductor dimensions. < 0-757 11
' 0.70 A
TABLE 3 INDUCTOR DATA |5 I1ref
L1 L2 % 0.65 1
Inductance L [mH] 3.3 2 O 60
Peak current [kA] 1300 200 05
gg:g:;g’ 21 {2} 8?5 834 - 0.00 0.02 0.04 0.06 0.08 0.10
A . . B
Total resistance [mQ] 11 16 jégg
Number of turns 3x220 264 § 3900
Copper mass [kg] 610 95 = 3800 1
g 3700
D. High Voltage circuit design 2 3600
3500 1
In general, diodes may be used as the switchdseirnigh E 3400
voltage circuit in Figure 2 to reduce costs. Howethgristors 3300
enable better control during faults, as it is désad below. R ors ors ors ors oo
The turn off time is not essential (since therendsforward Time [s]
blocking) except under most severe faults at higltage side.

Therefore, the inverter-grade thyristors, as wilv lvoltage Figure 6. Converter response for a step in cunefatence.
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Figure 7. Steady-state converter variablesh\tV power transfer.
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B. Fault conditions

The faults on low voltage sid&/{) are not critical and they

will only result in interruption of power transfefhe faults on

the high voltage sidevg) have potential for shoot-through and?]

can propagate fault current to the low voltage .sidewever
tests show that using thyristors in high voltageuit and with

sufficiently high L, the converter can maintain norma

operation even under most sevevg=() faults.

Figure 8 shows the responses for a severe faultiggt
voltage terminals with the considered test convettdés seen
that the converter does not experience commutdadare
during the fault. Furthermore, the converter ndlyinduces

the current on the unfaulted sidg) (and therefore it does not!6!

propagate the fault.

It is noted that filters in general have negativiuience on
the fault responses. In order to prevent large \mfErges an
antiparallel diode is used across the filter capaci,.

V. CONCLUSIONS

This paper presents detailed design of a high-pov@r

resonant DC/DC converter for application with arfisiobre
wind farm. The simulation results confirm that MW

6.8kV/100kV converter is feasible with reasonable size and

losses.

It is concluded that inverter-grade thyristors nhighe
optimal switches because they enable operationigiteh
switching frequencies. The operation dkHz switching
frequency implies that the weight of the largeduictor is

around610kg. The overall efficiency for the test converter is

expected to be arourgd-97%.

The detailed simulation
converter has very good fault tolerance. In oradeprovide
complete tolerance to high-voltage faults it isuiegd to use
controllable switches (thyristors) and to emplogudficiently
high inductor in the high-voltage circuit.

VI. APPENDIXTESTS SYSTEM
TABLE A.1 TESTCONVERTERPARAMETERS

parameter value parameter value
fs[HZ] 4000 L, [mH] (x2) 3.3
V1 [kV] 6.8 L, [mH] (x2) 2

V, [KV] 100 Cn [4F] (x2) | 150
l1av [A] 770 Lu[mH] (x2) |1
Loy [A] 50 Crp[uF] X2 | 10
Verax [k\/] 113 L [mH] (X2) 5

C: [uF] (x2) 18
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