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Abstract — This paper deals with the investigation of DC This paper deals with the energy transfer from a
and AC energy transfer transients for ultra deep w#s. Two power source which supplies machine for ultra deejts
transfer energy approaches are described: DC and A@hree up to 10 km for the AC and DC transfer system

phase systems transmission via power cable. The bsients Verv simple block diaaram of the machine strucisre
could be switch on, switch off for no load, rateddad and y P 9 8

over load conditions. The simulations analysis of dth ~ Shown in Fig. 1. There can be seen two possible
systems are described and compared. The losses areconceptions of the energy transfer. The first is &C
calculated and discussed. transfer, where a power transformer or other power
source is located at the ground and the diodefieras in
Keywords — energy transfer for ultra deep wells, DC andhe well. This approach is described in chapterftdm
AC transient analysis point of view of some transients as switched oritched
off, no load or short circuit load conditions. Theecond
approach is the DC transfer, where the diode fecti§
I. INTRODUCTION located at the ground. This analysis is shown iaptdér

This paper deals with energy transfer systems t§- Both approaches_ are compared and some
obtain geothermal energy. At this time, the rendwab recommendations are given.
sources of energy are split of water, wind, sdi&,fuels
and geothermal. As it is known, temperature of wate Regarding of over-voltages in energy transfer syste
under Earth in the depth of around 10 km is ab&G0t ZC
under 95 % of the Earth’'s surface. At the presasgd Generally, in electric circuit include: aerial pawdgh
technologies for wells are based on mechanicajoltage (hv) lines — transformer — power supply Hy
destruction of rock. The depth is from 3 to 5 kndain caple — hv rectifier — load (plasma system). Thewey
arises from crude oil production cases. In somegsl@s occur several types of over-voltages:
_IcQIand, there is temperature of water around @@rid . atmospheric over-voltages,
it is max. 5 km under ground. For very deep welis t
price is very high and expensive to obtain energynf
geothermal sources [1], [4].

e commutation over-voltages,
» switching over-voltages.

This paper in the later text deals just with switch
over-voltage produced during disconnect of theifiect
Toree prase vansomer . inductive Ioa(_j (plasma_ system). The magnitude_ ef th
22kVIB.5KV, 50 Hzwith | =~ = = = recifier over-voltage is proportional to the current magdtiat

350k output W : the instant of interruption as well as to decregsir

Ground . » ) . . . . h
. . interruption (time of switch-off, responding timef o
. AC ! OR 11.DC _electronic protection, extinguishing the plasmeckiésge
”??]Sfef 1 ! transfer with in the plasma system ...).
T | 1 power cable, Beyond that, however, it will also depend on thegsu
km distanc P oEm magnitude caused by other factors:
! ! - power cable length, respectively, on its
Machine Machine accumulated energy
au")‘i'i}gr au")‘:‘ﬁg " - internal impedance of the power supply, if it is
Circuitsy circuits not disconnected during circuit interruption,
and diode - an instant of the load circuit disconnection in
rectifier the range of rectifier output voltage period i.e.
one sixth period of the AC power supply voltage
Fig. 1: The block diagram of the machine strucwité AC or DC period 50 Hz (i.e. in the range of 0-3.3 msec.).
energy transfer In our case, it is supposed the power supply is

disconnected at the same time as the load comes off
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plasma system. It is necessary to ensure theseeldfahe  A. Short circuit at the output of the cable and

power supply high-speed switch with trip respotige disconnection of the DC source

shorter than the period of the increased voltagheaend The simulation of the disconnection of RL load was
of the transmission cable limit (allowable surg@)hat is  realized in several steps. In first 5 ms the ougtuhe end
not a simple matter. of the cable was stable and with the value of 6 Wsing

To limit the magnitude of the over-voltage surgtelsait }he S‘a"_itChl Szﬁi” 5hm5 trr‘]e RLI load g/vas disponnectg_d.
is necessary to use a short-circuit switch, besmf Mmediately after then the voltage began rise tg bl
) .. values. 7500 V was achieved inj®®and S1 and S3 (Fig.
electronic type. When the over-voltage reach acetit 3) were switched in this time (5.05 ms). S1 - tsiyni
value (7 500 V) electronic switch — thyristor walvitch-  shorted the end of the power cable and S3 discteahec
on the short circuit, Fig. 2. the DC source. The development of the voltage and
current are shown in Fig. 4.
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Fig. 2: lllustrative over-voltage of 7500 V at 1 wifter load switch off

Development of changes of current and voltage at th
Il. DC TRANSFERSYSTEM first II-circuit or the input of the power cable after 5 isi1s
i , i shown in Fig. 4. The current (red curve) decre&seero
The simulations of the power cable properties wergnmediately but for the voltage (black curve) there big
made using direct current circuits. The advantdgease  oyershoots of the voltage (15 kV). The response tian
direct current circuits is the possibility to predithe  the voltage is short because the amplitude of these
performance of the electrical system. Using of éhesyershoots is smaller than 6 kV after 4 ms. Inmevious
circuits and their combinations can describe #llagions, o1k [1] we had similar situation. We can conclutiat
which can occur in real wires of the power cablete  hig type of solution is also bad; the voltage atuge
present time the first step of evolution of a n@wipment  qcillation is too high.
is simulation process, which safes money and tFnem
the results of simulations it is selected the best, which
is then realized. 15k 75

The program LTSpice was used for simulation of the
power cable properties and its transient stage® Th 1o
simulated circuit (Fig. 3) consists of the DC saurc
(6400 V) with series resistor (1<), two or three 5K
programmable switches, ten alternati¥eircuits and RL
load. Alternativell-circuit is used in practice and satisfies
all conditions for our type of real wires of thewsy cable.
On the knowledge from practices, the power cable ha
been replaced by 10 alternatiMecircuits. The switch S2
disconnected the RL load form the power cable. [bhd 10K 0
was performed as RL circuit (L=1mH and R = 183
The value of the resistance R is set to load ofk350 15 s

A short-circuit thyristor is also used in the citcThe 0 5m lom 15m 20m 25m . 30m - 35m 40m
short-circuit thyristor is represented by the shitS1 Time [s]
together with the inductance 6l and resistor 480 &
in series (Figs. 3, and 5). It is placed at thd ehthe
power cable. The shorting voltage of the thyristais set
to 7500 V. We studied two cases: A. short ciratithe B, Short circuit at the input and output of the cahbiel
output cable and disconnection of the DC source Bnd disconnection of the DC source
short circuit at the input and output of the cahled
disconnection of the DC source.

o

Voltage [ V]
Current[A]
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Fig. 4: Development of the voltage at the first€ircuit (start of
power cable) after disconnection of the RL loadbims.

The simulation of the disconnection of the RL |oeab
in this case also realized in 5 ms after beginmhdghe
simulation. When the RL load was disconnected, the
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voltage began to rise from 6 000 V to higher vddtag
7 500 V was achieved in 3% and S1, S4 and S3 (Fig. 5)

were switched in the simulation time equal to 5u65S1 -
thyristor shorted the end of the power cable, Serted
the start of the power cable and S3 disconnectedth
source. The development of the current and voltge
shown in Figs. 6 and 7.
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Fig. 5: The diagram of the simulation circuit wi}€ source, 101-
circuit, programable switches S1-S4, short-cirtjtistor and RL load
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Fig. 7: Development of the voltage at the end effibwer line and the
current flows through the thyristor at disconnettid the RL load in
5ms.

The RL load is powered by the 6 kV DC voltage with
total power of 350 kW. The simulation model corssist
controlled AC voltage source, investigated 10 kmglo

Developments of the measured parameters are in thiwer cable line, bridge rectifier, DC bus filteevites,
case better than in the previous case A (Fig. 4 T over-voltage protection devices and load. The DG bu

instantaneous voltage drop to zero is caused hyishof
the power cable at the beginning (Fig. 5, switch. She
amplitude of current oscillations is ~120 A andation is
about 20 ms (Fig. 6). Observed current oscillatians
much better than the over-voltage shown in Fig. 4.
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Fig. 6: Development of the voltage at the first€ircuit (start of
power cable) after disconnection of RL load in & m

Another situation is at the end of the power c4big.
7). The voltage decreases from 7 500 V to zero svithll
oscillations during 350us. The amplitude of current
oscillations is ten times higher as normal curr@ihiis is
no problem for thyristor because its max curremtreaund
1.2 kA and the transient time is only 0.4 ms. IRtnéms,
the amplitude of next oscillation decreases frord ASo
60 A. From these simulations of transient statesilte
that our design of the RL load disconnection preskim
Fig. 5 is better.

|I. AC TRANSFERSYSTEM

AC voltages are useful and more efficient for sy
long distance distribution power lines. Simulati@sults,
described below, show transients analysis restiltthe
over-voltage protection.

circuit diagram is showed in Fig. 8. At the poweable
start there are series connected power switch arallgl
connected cable breaker. Voltage and current materat
the input and output of the power cable, the DC 4
load are required. The DC bus voltage is filtergdhe G
capacitor with 50 pF value and the current is riéite by
the L inductance with 1 mH value. Over-voltage stress is
generated by suddenly disconnection of the loaoutyfr

the load power switch.
—=—8

Uload U_load

HI—'.-j -
Tload

I_load

%
Fig. 8: DC bus circuit diagram
Over voltage protection devices consist of theeseri
connected breaking thyristor and current peak iingit
inductance with 20 pH value. After disconnecting kbad
(load current cannot be conducted again) over gelta
peak is generated in the DC bus. This voltage ssonmed
and compared with a user defined value (protedtign
voltage) and the exceeding is turned on the DC bus
breaking thyristor, the cable input breaking switaid
turned off the cable input switch. In the real @gatlon it
can be used one high voltage thyristor or seriesected
medium voltage thyristors as the DC bus breakinigchw
[7]. Acting times of these switching devices areyve
short, so simulation model also uses model oftigastor
as breaking device. However, cable input protection
switches should by electromechanical switches. nicti
time of the electromechanical switches is not toizk] so
the over-voltages and currents peaks can affedersys
protection results. The upgraded simulation model
respects these conditions by added time delay leative
DC bus thyristor turn-on time and the cable inputches
turn-on (turn-off for the input power source switdime.
The time delay is defined for high speed high power
switches and it is set to 2 ms. Results without tthe

Step
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delay block between the input and DC bus were paobli  discharging of the cable input capacitances produce

in [8]. The voltages and currents relation for at&se current peaks in phases, voltages of which atezem

power cable are investigated. (Fig. 10 a), details are in Fig. 10 b)). Maximuadue of
these peaks is not higher than 600 A.

A. 3-phase AC power analysis

Investigated over-voltage stress analysis used3the | =
phase cable model. For this simulation, new cable =
parameters are measured. Principles of parametets -
measuring are discussed in [2]. Used power cableg
parameters are shown in table Il. 8 o

TABLE I. 3-PHASE CABLE PARAMETERS

Values
Parameter Phase ‘ Phase ‘ Phase Unit A oE o 01 oZ om0 0F o iE 0m o e o5 0 om0 0 0n e
A B C Tine t [s] Tinet [s]
a) b)
Frequency (f) 50 Hz

; Fig. 10: Cable input voltage and current waveforms
Conductor self resistance Pero604 | 0596 0595 /km

unit length (R) Fig. 10 b) shows in details the cable input voltaged

Conductor. self inductance pery g6 | 19841 1803 mHKm currents after the DC bus thyristor activating aetayed

unit length ) . . .
Per phsse ﬂi{,mal inductance ger input breaker turn-on. After the thyristor is swiécl on,

unit length (ly) 1.266 mH/km|  the cable is still connected to the AC power Souste
Per phase mutual resistance per 12.381 /km voltages continue but currents are rapidly incrdase
unit length (Ry) ' because the DC bus breaking thyristor short cosrtbet

Line-line capacitances per unit,z as| 15161 16371 nekm DC bus terminals.

length o .
gggdu((:%)r_to_gmund The current slope is limited by the cable self-ictdnce

capacitances per unit lengthdlC 69.497 nF/km| and DC bus filtering inductance;.LThe currents are

increased in 2 ms when the cable input breakeurizet
Cable length (| 10 k S .
able length () ™ | on and also the power supply is disconnected. After

Number of Pi sections 10 - | moment, the currents and voltages at the cablet iap

] ] . ] slowly decreased due to high cable self-inducteence
The cable connection to the bridge rectifier isvefian  cable self-capacitances.

Fig. 9. the load is supplied from the controllegtgse
AC voltage source. The input voltage amplitudenedrly

increased during 0.08 s and power current peakghwh £ LA L,L,Lj,l,,::iﬁj
are produced by the charging cable capacitanceénd = = 0%}:7} PR Ao
bus capacitance, are then eliminated (Fig. 10 Bjp = | CpE e
cable input switch and cable breaker are three ephas Co TR 3 o ‘7; B
devices. The cable breaker makes direct connection =y 1 1 1 1T =5 T T 1T 1T 1 T 1T 1 —5
between each phase and ground too. T e e T | (T ) BT R 7 e e i
= u%mﬁm%m%w”ﬁ“ =) (A N S e
52 [ A WM 5 Y =
° awA- I 1L L 1L ° awA- Il 1 _ ,L,J«{J,L,LJ,*
B ood b V N Y T A
Tinet [s] Tine t [s]
a) b)

Fig. 11: Cable output voltage and current waveform

Fig. 11 a) shows the cable output voltages andentsr
As it can be seen, the cable output voltages are no

e _ N o harmonic due cable parameters and non-harmoniergurr
Fig. 9: 3-phase power cable bridge rectifier cotinaovith delayed flowing through the cable conductors.

nput stages Acting of the breaking thyristor discharges theefing
Amplitude of the input voltage is set to a valueickh ~Capacitor Ctogether with the cable capacitances through
corresponds to the DC bus average voltage of 6Tk, the filtering inductance dand bridge rectifier diodes (Fig.
load disconnecting time is defined at the instanthe 11 b). The current response and maximum valuesiare

phase A maximum input voltageqt 0.125 s). critical, but the bridge rectifier diodes have t® b

After the load disconnection, the DC bus voltage isdlmensmned for these values.

increased over the trip point set at 7 kV (Figh)e The Fi9- 12 &) shows that, the DC bus voltage meanevisiu

voltage increasing time and parameters are depesden 6 KV and the voltage ripples are approximately +800
the breaking thyristor is turned on later after tbad The steady state DC bus current value is matchebeto

disconnection (Fig. 10 b)). load parameters, respectively, load active power of

The input cable breaker turn-on time is delaye® ofis 350 kw.

after the DC bus thyristor. The breaker makes shofctivating of the DC bus thyristor produces highreunt
connection between all cable phases and groundsto, P€aK and decreases longer time due the delayedrpowe
source disconnection.
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the duration of the half-sine current impulse —aligu
10 ms given in catalogue data sheets . Similarigam be
derived for the rectangular current pulse
2
; Izt:n_z('TSM )AV [y
D,,‘ ,\E‘ 4 2
that value should be letflsenallowed thyristor and diodes

kv
o [RY

ol tage U

Lol

Fig. 12: Bridge rectifier output voltage and cuatresaveforms 1%t values given in catalogue data sheets
(below).
Higher value of energy is stored in the cable far time Rectifier Filter
of 2 ms when cable is short connected. Maximumevalu —
the current peak is approximately 1600 A. For this T () () C) . l
maximum value the breaking thyristor and filtering v T ﬁg ﬁﬁ ﬁﬁ difdt i oL
inductance winding have to be dimensioned. CABLE 3 ° T scth © T H LOAD
|
B. Power losses analysis i @D @@ @@ !
|

Power losses are important for the design and
classification of a new devices. Losses are pradlic@ll  Fig. 13: Diagram of 3-phase diode rectifier vittorted-circuit thyristor
parts in which currents flow. For this analysis ttable SCTh
power losses are investigated. Table Il presentslated
values of the power losses (for fundamental frequeaof
1-phase and 3-phase cable configurations [8].

So, firstly we need to know the maximum valuetaf
short-circuit currentl yyaxsnort_circuit fOr duration of 10 ms

what is possible by use of simulation analysisltesthis

TABLE Il. SMULATED CABLE POWERLOSSES value is (worst case)

Cable model Simulated power consumption (| MAXshort_circuit )AV =~1700A].

configuration Cableinput Cable output Load
1-phase 427.5 kW 391.2 kW 350 kw | Now we can calculaté?ty,,, circur Value
3-phase 397.5 kW 353.8 kW 350 kW

) : 2 (l ¢ roui ) i

As it can be seen, single phase cable had loweBPOW |2t . o = " orononciout Jav P _
losses (1-phase model) but 3-phase configurationois - 4 2
effective (more realistic results). At the DC buses =356626[A%sed.

greater power losses are produced in the bridgéieec
Each bridge diode consists of two series conneligihl

voltage diodes with forward voltage of 0.894V (one

diode) and internal on-state resistance of 0.4B fone
diode). Also the filtering inductance reverse didukes
losses, but only during the breaking time (thessds are
not included in results).

It must be noted, that power transformer or poveerce

efficiency or losses can be also included in a ideta

analysis (not this time). As it is known, the efficcy of
such transformer is about 98 %.

Il. DESIGN OFPLASMABIT DIODE RECTIFIER

A. Diode Rectifier Short-Circuit Connection

As mentioned above in the introduction for limitetiof
the over-voltage surge magnitude safely it is nesmgsto
use the short-circuit switch — thyristor (SCTh)g.F13.
Dimensions of the SCTh thyristor and the diodeghef
plasmabit rectifier will depend on the overloadetégral

1%t value of the short-circuit current [1], [6].

t 2
126 O
12t = [142 (t)dt = —TSMZ P

O s

where l;gy is the maximum non-repetitive overload
current of the thyristor or rectifier diodesg,,) and t,

Choosing of a suitable thyristor from the catalodde
type with maximum blocking voltages (prior condit)as:

Type of 5STP 20Q8500/5STP 20N850@ry = Vrrm = 8 KV,
ITMS =35kA/10 msl+ = 0,480 19]

The calculation of the TSCTh overloading integralue
is

_ 35000° x1072

| 2trsern = =6125000[A%eq .

By comparison of both %t

2 2.
I tshort_circuit <<| tTSCTh!

i.e. that condition of operability and safety iffifled.
Choosing of the plasmabit rectifier diode from the
catalogue [7] types with maximum blocking voltages
(prior condition) gives:

5SDD 31K6OOOI\/RSM = VRRM =6 kV, IFMS =40 kA/10 mS,\/To =
0.894 V,rr =0.166 @

5SDD 06D60001\/RSM = VRRM =6 kV, IFMS =10.5 kA/10 mSVTO
=1.066 V,ry =0.778 i@

That means, that 6 kV reverse voltage is not encsmhve
choose series connected diodes.
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Types for the series connection AR =12x 17927=215124W

5SDD 08D5000Vrsm = Vrrm = 5 KV, leus = 12 KAI0 MsVro = for the diode type 5SDD 08D5000 i.e. 5000 V/1 @28
0.894 V,rr =0.487 and 12 kA/10 ms impulse. Calculated power losses

5SDD 08T5000Vksy = Vaaw = 5 KV, Imys = 12 kA/10 msVy,=  should be removed from the plasr_nabn by a cooling
0.894 V,rr = 0.487 n@ system. The plasmabit rectifier diodes are

overflowed/stressed by the short-circuit current tioé
The calculation of thd %t overloading integral value same value as the short-circuit-thyristor. Beside®n-

(worst i.e. smallest value) state losses, the diode rectifier is characterialsd by
commutation and switching losses (5-10 % of onestat

) 12000 x1072 ) losses/ 50 Hz). Both calculated values of the pédsm

I “tp =f:720000[A seq . rectifier on-state power losses and type of diodes

acceptable. Their usage and choice of one of them

By comparisonl 2tshon_circuit << ZtD , depends on the plasmabit space and cooling conditio

i.e. that condition of operability and safety iffifled. ll. CONCLUSIONS
B. Power Losses Calculation This paper presents investigation of power cable
Calculation of on-state losses of the single rectdiode  Uransients for novel application of the plasmabit diltra

deep geothermal wells. The real cable parameters ha
(1], 1] been investi
gated by means of measurements and
17 _ ) calculations and they have been used for transient
AP; == [uy (t)i(t)at =Ur(gl tav *r1l frus Where  simulations. Very important decision is to choositable
To energy transfer by DC or AC supply. For this taséth
are investigated by simulations of transients for
connection and disconnection of the cable undet. [6he
Ut (o) threshold voltage under zero current results are presented and compared also by usplgas&e
diode rectifier for the plasmabit supplying. In theure
more detail transients will be analyzed and contghare

AP;  is on-state Joule loss

| tay average value of the diode forward current

ty transient/dynamic resistance

I ;rus€ffective value of the diode forward current. ACKNOWLEDGMENT
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