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One of the main issues on high voltage direct current (HVDC) cable is the electric field
distribution on the insulation induced by space charges accumulation. Indeed, the space
charges can cause a local increase of the electric field, which will accelerate ageing and
may lead to dielectric breakdown. The TSM is one of the techniques that allow space
charge measurements. The principle of the TSM consists in disturbing the electrostatic
balance of the cable insulation system using a short thermal stimulus. For this study, the
thermal pulse is created by Joule effect. This paper describes the structural optimization
of a multi-cell DC-DC converter and its use in a high-current application to produce
thermal stimulus. The design of the converter is first presented, then a multi-objective
optimization is proposed for minimizing volume and losses. Finally, experimental results
using a converter prototype which confirmed the space charge measurement principle are

presented.

1. INTRODUCTION

High voltage direct current (HVDC) transmission on the last
decades emerged as a viable solution for certain transmission
applications resulting an increase of HVDC projects commited
or under review. HVDC makes it possible to transport the
electrical energy on long distances, since the direct current
transmission eliminates power losses related to frequency
effects. Therefore, the HVDC power transmission can be used
to build large electric network with improved stability and
lower losses. In this technology, the transmission of electric
energy is carried out using HVDC cables which must be highly
reliable to improve power availability.

HVDC allows interconnecting power sources of different
type like off shore renewable electricity stations, AC power
plants, wind turbines and solar plants. Moreover, HVDC is
recognized for interconnecting asynchrounus grids where
there are different frequencies to interconnect.

In normal use, the insulation of HVDC cables is subjected
to two combined stresses that accelerate their ageing. Strong
electric field imposed by the transmission high voltage and
strong thermal gradients due to Joule effect on the conductor.
As a result, space charges appear in the volume of the
insulation and induce electric field distortions [1, 2]. The space
charges accumulation can lead to dielectric breakdown
causing the interruption of energy transmission. The space
charge measurement and monitoring over time is one way to
assess the electrical state of the insulation and to anticipate
possible failures [1, 2].

The quantification and the localization of the space charge
is based on disturbing the electrostatic balance of the
insulation system between the two electrodes using an
excitation (thermal, mechanical, electrical, ...). Then, the
reorganization of influence charges in the external circuit
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induces a response representative of the space charge trapped
in the cable insulation [3-5]. In this paper, we focus on a non-
destructive and non-intrusive variant of the Thermal Step
Method (TSM) that allows the electrical state of the dielectric
to be preserved during measurement without machining the
cable, respectively.

This method is based on the application of a thermal
stimulus followed by the measurement of the thermal step
current (TS) (Eq. 1) which is representative of the space charge
distribution (Figure 1). The digital processing of the measured
current makes it possible to calculate the electric field and to
deduce the distribution of space charge [1, 2].
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Figure 1. TS current measurement in a power cable using the
thermal step method

To measure space charges on long cables, it is necessary to
apply the stimulus on the entire length of the cable and then to
measure the response of the whole cable. Until now, Joule
effects was obtained by injecting an AC 50 Hz heating current
into the conductive core of the cable [6, 7] which respects the
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conditions needed for measurement on long cables. This
technique needs a heavy power transformer which absorbs a
very high reactive power when the cable length increases.
The TSM principle using AC current can be realized using
a transformer [1, 5, 8]. In this configuration, the cable is short
circuited and constitutes the secondary of the transformer in
which the AC heating current circulates [8]. The heating
current can be controlled by adjusting the number of turns on
the primary circuit or the applied voltage. However, the TSM
using AC current only allows measurements on short cable
length (few meters) since this configuration requires high
apparent power to compensate the reactive power. The use of
DC heating current allows to overcome the drawbacks of AC
transformer technique. In this paper, we introduce a new DC
heating method using a high current DC/DC converter
between the energy source and the cable. First, the power pulse
needed to apply the TSM on the reduced cable scale is deduced
using numerical simulation. Then, DC converter with
optimized design parameters is developed taking into account
the needed power pulse specifications. After converter
development, a different control system is tested in order to
optimize the output current dynamic and to reach the reference
output current.
The second step investigates space charge measurements
performed for multiple power pulses (250, 350 et 550 A)
during short duration (<120 ms). The comparison of TS
currents obtained using multiple power pulses is done to prove
the measurement principle.

2. THERMAL STEP METHOD SIMULATIONS

The simulations of the TSM using a DC heating current on
a reduced scale cable (Table 1) will provide indications on the
power pulse needed to induce measurable TS current (> few
dozens of pA). The reduced model cable has the exact same
structure as a full-scale power transmission cable but with a
much-reduced diameter. The cable is composed of a core in
which the current flows. This core is surrounded by a
semiconductor intended to limit the peak effects when used in
HV. This layer is followed by an insulation layer, then a
second semiconductor layer and finally an outer screen (Figure
1 for structure and table 1 for dimensions).

The maximum electric field in the inner radius is set to 1
kV.mm"' in the simulations. The commercial software
COMSOL is used to carry out bidirectional couplings between
the various physics involved in the TSM (magnetic field, heat
transfer and electrostatic).

Table 1. Reduced scale cable dimensions

Cable part Radius (mm)
Cable core (Cu) 0.7
Inner semicon 1.4
Insulation (XLPE) 2.9
Outer semicon 3.05
Outer screen (Cu) 34

The simulation of the Joule effect and heat transfer on the
reduced scale cable allows to calculate the temperature
elevation and diffusion in the different cable layers. The
temperature elevation depends on the power pulse (amplitude
and duration of the heating current) and the conductor
characteristics (Eq. 2).
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The response to the applied power pulse to generate the
thermal stimulus is the TS current (Eq. 1) which depends on
the dynamics of the temperature. If the heating current is
applied to the cable core, the inner semicon will impact the
thermal stimulus generated by Joule effect. In our case, the
simulations show a delay of 100 ms caused by inner semicon
layer between applying the heating current and the onset of the
thermal stimulus towards the insulation. To avoid the
perturbation of the TS current measurement, heating current
must be switched off when the thermal stimulus reaches the
insulation. Therefore, 100 ms is considered as the maximum
current pulse duration for the studied cable.

Figure 2 shows the TS currents for different power pulses
applied to a 4 meters long cable corresponding to a total
capacitance of 702 pF. The proportionality between the TS
currents amplitude (Figure 2) and the power pulses is in
accordance with the theory (Eq. 2) which validates the
simulation model. It comes out from these simulations that a
minimum 300 A heating current pulse during 100 ms induces
a measurable TS current (>10 pA) taking into account current
amplifier characteristics and noise level expected in laboratory
conditions. Considering simulation results, the DC/DC
converter will be developed to provide short current pulses
(=100 ms) of 600 A in the cable core for space charge
measurements.
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Figure 2. TS current for different power pulses applyed in
the cable core for a 4 meters long cable

3. CONVERTER STRUCTURES FOR HIGH CURRENT
APPLICATIONS

3.1 Standard parallel structures

The parallel association (Multicellular buck converter) of
several single-cell converters (N cells) makes it possible to
reach a high power without increasing constraints on the
power switches (Figure 3). The output current is distributed on
cells which implies an equal repartition of losses and
components heating on phases [9, 10].

In this configuration, each cell is controlled with the same
duty cycle a and the same switching frequency (Fswi) (Figure
3). Interleaved control which consists of phase shift of (27/N)
of the switching orders between two adjacent cells helps to
reduce the current ripple at the output by increasing the
apparent output switching frequency (Figure 3) [11, 12]. In



this converter, independent inductances with the same value
are placed in each cell to reduce the current ripple on the
phases.
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Figure 3. Multicellular buck converter with independent
inductances (example: 3 cells)

This topology main drawback is the high current ripple in
each phase which leads to higher AC Joule losses. Unlike the
output current ripple, the phase currents are not reduced, and
their ripple increase with the cell number (Eq. 3) [12]. Thus,
this topology is not convenient for a high number of cells.
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Magnetic coupling of inductances is the solution to maintain
the advantages of the multicellular converter while avoiding
the strong current ripple in phases [6, 7]. The current ripple in
each phase is reduced due to the increase of switching
frequency on phase current. The topology is presented in the
next section.

3.2 Magnetically coupled structures

Magnetic coupling increases the apparent frequency on
phase currents which lead to a significantly reduced current
ripple. Consequently, magnetic coupler improves converter
efficiency since copper losses related to AC components are
reduced. In addition to efficiency improvement, magnetic
coupling offers a volume saving compared to independent
inductances topology. That is why this type of converter
provides a very high-power density.

a. Ladder magnetic coupler

b. Circular magnetic coupler

Figure 4. Monolithic coupler

A single magnetic core [13, 14] (known as monolithic
structures) (Figure 4) or several separate transformers [6, 12]
(Figure 5) can be used to couple all phases. The main
drawback of the monolithic structure is the complexity of
building the magnetic core [15]. The use of separate intercell
transformers (Figure 5) improves the coupler modularity and
greatly improves its practical implementation. In fact, the
magnetic coupler is made using standard commercial core
shapes U, E and I. Cyclic parallel and cyclic cascade
topologies are interesting (Figure 5b-d) since for a N phases
converter they only require N transformers [15]. The cyclic
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cascade topology (Figure 5.d) is chosen for the
implementation in the realized converter because of the low
number of transformers required and its high filtering quality
compared to cyclic parallel topology [15]. Another drawback
of magnetic coupler is necessity of current closed loop control
in order to obtain an equal repartition of the output current in
phases. Indeed, from a practical point of view, the disparities
between the active devices and between the passive devices
cause an imbalance in the distribution of the output current
between the phases which can lead to the saturation of the
magnetic components.

d. Cyclic cascade

¢. Symetric cascade

Figure 5. Separate intercell transformers

4. PRACTICAL DESIGN OF THE CONVERTER
4.1 Magnetic coupler sizing

Inverse coupling in each transformer allows a DC magnetic
flux compensations which also helps to reduce the volume of
the magnetic coupler. The coupler sizing will be based on AC
magnetic flux (@,c; ) and must take into account phases
number (N), input voltage (Vi) and switching frequency (Fswr).
To find the minimal section of the magnetic core (Sg), the
magnetic flux (@ 4., ) must be calculated first (Eq. 4).

1
(Z)AC1 N_S f Vit dt

5, = @

Bmax Bmax

To establish the expression of the voltage across the
windings (Vii), a system of equations relating the voltage
across the windings and the voltage at the output of the
switching cells can be determined using Kirchhoff’s voltage
law. The magnetic core section is calculated for the maximum
magnetic flux (Eq. 5), so the duty cycle is fixed at 50% [6].
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Figure 6 shows the impact of increasing the switching
frequency on the magnetic core section. Increasing the phases
number allows to reduce the phase current and improve power
repartition on cells. Nevertheless, using a high number of cells
implies the use of large magnetic core due to the magnetic field
increase (Figure 6).

4.2 Permutation mode

Magnetic flux can be reduced using the permuted mode
which consists of changing phase shift © between each



adjacent cell. The reorganization of the phase order in the
control signals contributes to reduce the voltage across the
windings and consequently the magnetic flux. The permuted
mode can be used for a 5 cells minimum converter and applied
using phase shift © that depends on phase number N [12]:
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Figure 6. Magnetic core section for multiple phases number
(VE=48 V; N=2 (number of turns))

e IfNisodd = ©=n-n/N.
e IfN is multiple of 4 = ©=-27/N.
e IfNis not multiple of 4:

o O=n-27/N for the firsts (N/2-1) phases.
o  ©O=n for the (N/2) phase.
o O=-(n-2w/N) for the others.

For example, to apply the permuted mode in an 8 phases
converter, a phase shift of 31/4 between each adjacent cell is
required (Table 2). To illustrate permuted mode advantages,
we carried out simulations on multicellular buck converter
with cyclic cascade using standard and permuted mode.

Figure 7 presents voltage across windings using standard
and permuted mode for 50% duty cycle. The reorganization of
phases control in this example (8 phases) implies the reduction
of phase voltage from 48 V peak (input voltage) to 24 V peak.
Consequently, magnetic flux is reduced by a factor of 2
(Figure 8). So, the permuted mode is an efficient method to
optimise magnetic coupler volume without changing design
parameters such as input voltage or switching frequency.

48 —— Standard mode
H —— Permuted mode
24 . 1 !
; J
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Figure 7. Effects of permuted mode on voltage across
winding (N=8 V=48 V a=50%)
Table 2. Permuted mode (Example N=8)

Phase Phase Phase Phase
number shift number shift
Phase 1 0 Phase 5 i
Phase 2 3n/4 Phase 6 /4
Phase 3 3n/2 Phase 7 /2
Phase 4 /4 Phase 8 Sm/4
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4.3 Semiconductor and magnetic coupler losses

The DC/DC converter design parameters such as phase
numbers, switching frequency and number of windings turns
directly impact the efficiency and volume of the magnetic
coupler. The semiconductors losses have 4 origins: switching
losses (Pswi), Rpson Joule losses (Py), rectifier losses (Prec 1,
Prec 2) and gate losses (Pgate). Firstly, switching losses
represents the wasted energy due to the state transitions and
depend mainly on the switching frequency and the duration of
the transient regime (Eq. 6) [12].

Py = EFSWIVEIPH (ton + torf) (6)
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Figure 8. Effects of permuted mode on magnetic flux
(N=8 VE=48 V 0=50%)

Joule losses (P;y) on MOSFETs are proportional to drain
source resistor (Rpson) and the phase current (Ipn) (Eq. 7). The
MOSFETs rectifier losses have two sources: dead time
between MOSFETs controls (Eq. 8) and reverse recovery
current (Eq. 9).

P] = RDSONI}%H (7
Prec 1 = taVrlpy Fswi (®)
Prec 2 = VgQrrFswi 9)
The input capacitance Cis of MOSFETs creates

supplementary losses due to the charging and discharging
cycles (Eq. 10) [12].
Pgare = Ve Qe Fswi (10)
The windings of the magnetic coupler involve Joule effect
losses related to the volume of copper and the current density
(Eq. 11). Other sources of losses in the magnetic core are eddy
currents and hysteresis cycle. Iron losses depend on the
waveform of the magnetic flux, switching frequency and the
magnetic core properties. PSIM® simulations on a 4 phases
cyclic cascade coupler show quasi sinusoidal waveforms of
the magnetic flux (Figure 8). Thus, Steinmtez model can be
used to model losses in the transformer (Eq. 12). The magnetic
material coefficients such as K, a and b are deduced
empirically from material’s hysteresis curve using curve
fitting.
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4.4 Multicriteria optimization

To assess the impact of each design parameter, we
calculated the losses in the semiconductors and the magnetic
coupler considering a large range of phase numbers and
switching frequencies (Figure 9). The losses are calculated
considering:

e Input voltage: 48 V

Output current: 600 A

Magnetic material: 3C90 (due to its availability)

Current density on windings: 8 A.mm

MOSFET (IAUT300NO8S5N012): Characteristics on

Table 3.

The losses in the semiconductors tend to decrease when the
number of phases increases as shown in Figure 9. Increasing
the number of phases reduces the current in each phase, which
helps to reduce the Joule effect losses. However, a high
number of cells implies the use of a large number of
transformers, which increases the iron losses.

Table 3. MOSFET characteristics

Parameter  Value
Vbs 80V
Ip 300A
Robs 1.4mQ
Vs F20V
ton 19ns
toff 55ns
Qg 231nC
er 177nC
350
[—— Semiconductors (40 kHz)
300 h—— == Magnetic coupler (40 kHz)
Semiconductors (100 kHz)
----- Magnetic coupler (100 kHz)
__250
=
§ 200
f
150
100

50

Phases number

Figure 9. Losses evolution on semiconductors and magnetic
coupler for multiple phases number

On the other hand, increasing the switching frequency is
beneficial to optimize the volume of the magnetic components,
but it also leads to an increase in the switching losses in the
semiconductors as well as the iron losses of the magnetic
coupler. It finally appears that design parameters such as
phases number N, switching frequency Fswi and number of
turns per winding N affect, in different ways, the volume of
the magnetic component as well as the converter efficiency.
Therefore, we decided to use NSGA-II genetic algorithm to
optimize the magnetic coupler volume and the converter
efficiency (Eq. 13). In order to respect some practical
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constraints, search space is limited (Eq. 14).

frosses = Py + Pswi + Prro + Py
min 3 (13)
fvolume = X(AW-AC)4
N € [3;8]
Ns € [L;4] (14)
Fsyw; € [40;100] kHz
4
s (M R -
s, N=8 N=8
* o & Fou=84 kHZ Fo=69 kHZ
_ 25| 8 |N=3 N,=2
ME N=8
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1 - " - - )
200 220 240 260 280 300
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Figure 10. Pareto front representing the optimum conception
parameters for [=600 A Vg=48 V

The optimization algorithm calculates the optimum design
parameters taking into account input voltage, output current,
MOSFETs characteristics, current density and magnetic
material properties. Each point on the Pareto front (Figure 10)
represents an optimum combination of phases number (N),
switching frequency (Fswi) and number of turns on the
windings (Ns). For the studied switching frequency range [40;
100] kHz, the optimization algorithm converged to a number
of 8 phases and 2 or 3 turns on windings. To simplify the
practical implementation of the magnetic coupler, we choose
a number of 2 turns for the windings.

4.5 Converter simulations

The multi-objective optimization presented in last section
shows that 8 phases represent the best compromise between
converter efficiency and volume of magnetic coupler. Before
practical realization of the converter, we propose to verify the
converter performance with the optimum conception
parameters by simulations. The particularity of the chosen
software (PLECS) is the possibility of coupling different
circuits such as electric, magnetic and control circuits. The
model takes into account the magnetic coupler dimensions and
magnetic properties such as permeability and leakage
inductance. The 8 phases magnetic coupler is realized using 4
magnetic cores with “E” form and 4 magnetic cores with “I”
form. The assembled magnetic core is equivalent to 8§
transformers (Figure 11).

E core + | core
Phase 3

E core + | core

E core + | core E core + | core

Figure 11. 8 phases magnetic coupler



Given the targeted switching frequency range [40;60 kHz]
and input voltage (48 V) constraint, we decided to use an E58
magnetic core that presents 150 mm? core section and leads to
a 26,5 pH magnetizing inductance per transformer. The
converter simulation using PLECS software requires magnetic
coupler dimensions and leakage inductance values. For this
purpose, COMSOL simulation software have been used in
order to calculate magnetic energy in the magnetic coupler
which allows us to deduce leakage inductance value (Eq. 17).
2D and 3D simulations (Figures 12-13) were compared to
analytic results (Eq. 18) to validate the simulation model
(Table 4). Leakage inductance obtained in 3D simulation
(Figure 13) has a higher value (+46%) compared to the 2D and
the analytical equation.

Table 4. Magnetic energy and leakage inductance

Analytic 2D Sim. 3D Sim.
Emt 1,2ml 1,23 mJ 1,8m]
Emc 9,8 mJ 9,85 m] 14,43 mJ
Lt 244,05 nH 246,39 nH 360,86 nH
Lt 30,05 nH 30,79nH 45,1 nH

In 3D simulation, leakage fluxes caused by coil ends are
computed and included in simulation unlike the 2D simulation
(Figure 12) and analytic equation. Thus, leakage inductance
obtained using 3D simulation will be used in PLECS software
for converter simulation.

2 W
Ly =—1
ff NI (15)
 2b, |
Lff = uolavf( 3 + b;) (16)

100

mm

Figure 13. Leakage flux (red contours) in 3D simulation

In PLECS simulation model, the control signals are
connected to MOSFETs gate and each phase of the converter
is connected to magnetic circuit through a magnetomotive
force. In each transformer window, we placed leakage
permeance to take into account effects of leakage fluxes. At
the converter output, equivalent model of a 5 meters-long-
cable which represents a 56 m{ resistance in series with a 1
puH inductance is connected. In these simulations, the input
voltage is fixed (Vg=48 V) as well as the switching frequency
(st1:40 kHZ)

The simulations carried without taking into account the
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cable inductance (Figure 14) highlight the advantages of the
magnetic coupler in this application. In fact, the ripple
frequency of the phase currents is 8 times higher (320 kHz)
than the switching frequency (40 kHz), which helps to
significantly reduce the amplitude of the current ripple. This
current ripple is conditioned by the leakage inductance. At the
same time, the magnetizing inductance has an impact on the
current ripple at the switching frequency (40 kHz). The
simulations also show that the cable inductance has a
significant effect on the phase current waveforms. The phase
current ripple (Figure 14) is significantly reduced when the
simulation takes into account the cable inductance. The output
currents (Figure 15) obtained in these simulations confirm that
the multi-cell inverter can significantly reduce the current
ripple by increasing the apparent switching frequency at the
output (N.Fswi). The simulations show that 600 A output
current is reached with 70% duty cycle.

100!
90 |
80
70
60
50
40
301

20

10

Phase current (A)

N.Fqy, = 320 kHz

With cable inductance
Without cable inductance
1.0 1.2 x 1le4

0 T T T
00 0.2 04 0.6 0.8
Time (s)

Figure 14. Phase current for 95% duty cycle
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Time (s)

Output current (A)

Figure 15. Output current for 70% and 95% duty cycles

5. EXPERIMENTATIONS
5.1 Converter realization

After validating the design parameters of the converter
using simulations, we developed a prototype converter for
space charge measurement. The developed converter has 8
phases associated with a cascade cyclic coupler. Each winding
consists of two copper coils with a cross-section of 12 mm?
and a thickness of 1.5 mm. The 8 phases magnetic coupler is
built using E58 magnetic cores. Closed-loop control of the
converter is achieved by measuring the current in each phase
using LEM HASS 100-S Hall Effect current transducers which
can measure up to 100 A with an accuracy of 1 A.



Figure 16. Converter 3D overview

The eight switching cells are distributed on two identical
PCBs each supporting four phases to ease the connection with
the magnetic coupler (Figure 16). Another board contains a
microcontroller and an FPGA connected to the MOSFET
drivers. This control board is used to drive the converter to
obtain the desired pulse and to adjust the duty cycles to balance
the phase currents. The FPGA produces the PWM signals for
the 16 MOSFETs (Table 3) in the converter, while the
microcontroller sends the duty cycle settings from the
controller to the FPGA using the SPI link. An additional
advantage of using a microcontroller in our system is the
simplification of phase currents acquisition and their
associated calculations as the microcontroller includes
analogue/digital converters and an FPU. This makes it easier
to perform floating point calculations with the microcontroller
compared to the FPGA. The microcontroller is also connected
to the computer via an isolated Ethernet link.

5.2 Open-loop tests with resistive charge

- ——Phase 1
f ——Phase 2 /

15

10+

Voltage (V)
(=]

-10¢

B

-15

Time (s)

Figure 17. Control signals of the phases 1 and 2 (Vgs)
st1:43 kHZ VE:5 Vv 0225%

Before testing at the nominal power, we performed
functional tests of the converter on a resistive load (R=100
mQ). The control signals were carefully analyzed because a
precise phase shift between the control signals is necessary in
order not to unbalance the magnetic coupler. A phase shift of
45° corresponding to 360° divided by 8 is imposed between
the control signals of two adjacent cells (phase 1 and 2) (Figure
17). This test also makes it possible (by sending an imposed
value of the duty cycle) to confirm the correct operation of the
Ethernet link between the computer and the control board as
well as the link between the FPGA board and the
microcontroller.
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5.3 Closed-loop tests with standard mode on 5 meters-long
cable

The first method tested to balance the current between
phases is based on the use of 8 independent PI controllers with
the same reference which is equal to the output current divided
by the number of phases. To improve closed-loop dynamic
performance without causing instability, the coefficients of the
PI controllers automatically adjusted for transient and steady
state conditions. during the transient state, the integral
coefficient has a higher value (Ki=1/15) in order to reduce the
current rise time. As the phase current approaches the
reference, the integral coefficient will be divided by 5
(Ki=1/75). The proportional coefficient is set to Kp=1/10
during these tests.

100
——Phase 1
80 Phase 2
. Phase 3
< —Phase 4
= 60 Phase 5
g Phase 6
S 40 ——Phase 7
“ Phase 8
20
/
0 L J
0 100 200 300
Time (ms)

Figure 18. Phase currents for 550 A output current reference
(Fswi=43 kHz Vg=44 V Kp=1/10 Ki=1/15)

=00 ——|s=300A/100ms
——15=400A/100ms
400 ——15=550A/200ms

< 300
=

2 200
3
O

100

0

-100

0 0.1 0.2 0.3 0.4
Time (s)

Figure 19. Output current for 300, 400 and 550 A output
current reference (Fswi=43 kHz Vg=44 V Kp=1/10 Ki=1/15)

Figure 18 shows the phase currents for output current
reference of 550 A over a duration of 200 ms. The phase
currents are superimposed, which validates the closed loop
operation. The output currents for three different references
(300, 400 and 550 A) show that the dynamics of the closed
loop under these conditions is not suitable to reach the current
reference in the desired time (Figure 19). The increase in the
reference value of the output current is associated with an
increase in the discharge rate of the power source (here a 160
F /48 V super capacitor). Therefore, the closed loop must have
a very high dynamic range in order to compensate for the drop
in the voltage of the power source. Despite the adjustment of
the closed loop parameters, no satisfactory combination that
would significantly improve the current dynamics without
degrading the stability has been found.

The second method that has been tested involves two
different types of controllers (Figure 20) for current balancing
[15]. Firstly, the common value controller (PI-MC) sets an



identical output current reference for all phases (the total
output current desired is divided by N, the number of phases)
Secondly, the differential value controllers calculate an
additional duty cycle to minimize the current difference
between the reference phase and the other phases (a2 ... on)
(Figure 20). Under these conditions, the output current
dynamics will be mainly impacted by the characteristics of the
common value controller. On the other hand, differential value
controllers do not require high dynamics since they only adjust
duty cycles for current balancing.

In the case of an 8-phase converter, a single common value
controller is used to set the phase current and 7 differential
value controllers are used to minimise the current imbalance
between the reference phase and the other phases. The input
reference of the common mode controller is the output current
for one phase, while the differential value controllers have a
current reference of 0 A. The proposed method is tested for
450 A output current reference which represents a current of
56 A in each phase (Figure 21).

SATqw

[N PI-MC ———————>PWM

Iy reference I, measure SATom
Ipw reference £ — L LER
om PI-MD ——}— 3—>-—ﬂ = PWM-> Phase 2 —~

1,-1; measure

SAT o
L P o - PN~

Iy-l; measure

Figure 20. Principle of common mode and differential mode

controllers
100 -
Phase 1
80 Phase 2
Phase 3
Phase 4
x 60 Phase 5
ey Phase 6
G 40 Phase 7
3
20
0 —

o 200 400 600
Time (ms)
Figure 21. Phases current for 450 A output current reference

(Fswi=43 kHz Vg=44 V Kpcev=1/70 Kicm=1/40 SATcm=95%
Kppv=1/100 Kipv=1/70 SATpm= £5%))

The measured phase currents in this test validate the control
technique as the desired output current is achieved. The perfect
superposition of the phase currents is an indication of the good
performance of the differential controllers in balancing the
current in the phases. The closed-loop tests (Figures 18-21)
show the effect of the regulators on balancing the current in
the phases of the magnetic coupler. However, the closed-loop
dynamics of the converter is slower than in the open loop and
makes it more difficult to generate high amplitude with short
duration (=100 ms) current pulses. To improve the current
dynamics, we propose a hybrid control mode between open
and closed loop. The hybrid control helps to reduce the rise
time of the converter output current and still allows a current
balancing during the pulse. The proposed method consists on
replacing the common controller with a linear duty cycle slope
(increase each 250 ps) during transient state (Figure 22).
During this phase, the 7 differential controllers are still

activated. In this case, the current dynamics will be impacted
by the duty cycle increment step (ainc) to reach the set point in
the desired time. Once the current reference is reached,
common value controller is activated to maintain the output
current at the set point. During the current pulse, all the 7
differential controllers are activated to force current balancing.

The proposed method was first tested for an output current
reference of 300 A for 300 ms. The measurement of the current
in the other phases confirms an equal distribution of the output
current over the phases (Figure 23). In this test, the duty cycle
step in the rising phase is ainc=0.3%. To check the influence of
this parameter on the output current dynamics, we performed
tests with different values of ainc (Figure 24). The tests show
that the hybrid control is suitable for applying very short
current pulses (<100 ms) in the studied cable.
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5.4 Closed-loop tests with permuted mode on S meters-long
cable

To improve the performance of the converter and especially
the magnetic coupler, a permutation of the order in which the
phases are controlled is applied with a switching frequency of
Fswi=60 kHz. In permuted mode, the voltage across the
windings is divided by 2 which reduce the magnetic flux.
Increasing the switching frequency to Fswi=60 kHz combined
with the permuted mode significantly reduce the magnetizing
currents in the magnetic coupler, which improves the phase
current waveforms (Figure 25).

Phase currents measurements validate the balancing of the
output current in the phases and high current dynamics,
allowing the output current reference to be reached after a few
milliseconds (Figure 26).
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5.5 TS current measurements

The space charge measurement bench consists of a DC
power source, a DC/DC converter, a control system, two
relays and a CA5350 current amplifier (Figure 27). The relays
provide electrical separation between the cable and the
converter during TS current measurements. The electrical
separation of the cable and the converter prevents the TS
current measurement from being disturbed by MOSFET
leakage currents. The NI Labview control system allows the
converter to be controlled to apply a current pulse, control the
relays and adjust the current amplifier settings. To measure
space charge, the following steps are performed by control
system:

1. Closing relays

2. Controlling the converter to apply the heating current
pulse

Opening relays

4. Enabling current amplifier for TS current measurement
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) cA 5350
<> | DC/DC ol

o i} 18 g converter

Energy source | =

Control system

Figure 27. Space charge measuring bench overview

TS current measurements were performed to validate the
TSM principle after electrical and thermal conditioning of the
cable to be measured under 30 kV at 50°C during 44 hours.
The TS measurements (Figures 28 and 29) show the
proportionality between the amplitude of the power pulse
applied to the cable core and the measured TS current which
confirms the measurement principle. The TS current evolution
is in accordance with TSM theory (Eq. 1-2) since the measured
current amplitude depend on the square of heating current
(Figure 28) and is proportional to heating current duration
(Figure 29). The reproducibility of the measurements was also
verified by performing several measurements with the same
power pulses on the cable core (Figure 28).
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6. CONCLUSIONS

In this paper, a simulation and experimental study on the
implementation of a “non-intrusive” space charge
measurement bench in long length of insulated cables is
detailed. The TSM simulations shown in the first section have
enabled the estimation of the power pulse required to induce a
measurable TS current. In the second section, a converter
structure suitable for high current applications has been
presented to generate heating current pulses on the cable
conductor. First, using numerical simulations, we validated the
operating principle of the converter with optimized design
parameters. Next, a prototype converter was developed to
provide a controlled heating current pulse in the cable core in
terms of amplitude, dynamic and duration. Measurements
carried out on a 5 meters-long cable confirm that the targeted
heating current (500 A) is achieved with a high dynamic range
that allows a short current pulse (100 ms) to be applied. The
closed-loop control of the converter ensures that the heating
current reference is achieved and that the currents in the phases
remain balanced, preventing saturation of the magnetic
coupler and helping to protect against current overloads.
Finally, using the developed and designed space charge
measurement bench, the principle of measurement is validated
on a 5 meters long cable by performing a TS current
measurement. The accordance between the applied power
pulse and the amplitude of the measured TS current confirms
the measurement principle.

The results obtained make it possible to estimate the
distribution of the space charge present within the cable
insulation. Monitoring this charge distribution makes it
possible to detect areas in which the electric field may become
destructive. This paper has introduced a new, flexible, light
and easy to implement measurement method of space charges
on long cables, contrary to the usual methods requiring the use
of heavy and cumbersome means and not being able to
measure on cables whose length exceeds a few dozen of
centimeters. In addition, the combination of several converters
in parallel makes it possible to facilitate the increase of the
injected current, which makes it possible to work on cables
with a large cross-section and a long length and thus avoid all
the inconveniences introduced by the use of AC current to
generate the power pulse.
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NOMENCLATURE

Ac Section of the magnetic core (m?)

Aw Windings surface (m?)

b, Coil width (m)

b Distance between coils in window area (m)
Bimax Maximum magnetic flux density supported by

magnetic material (T)
Bpeak Magnetic flux density (T)

C Cable capacitance (C)

Co Heat capacity of the conductor (J.Kg*.K1)

E Electric field (V/m)

Fswi Switching frequency (Hz)

fosses Converter losses (W)

fvolume Magnetic coupler volume (m?3)

h Height of window area (m)

I Output current (A)

o Phase current (A)

Its Thermal step current (A)

J Phase current density (A.m?)

K,a, b  Magnetic material coefficients given in
datasheet

Ki Integral coefficient of PI controller

Kp Proportional coefficient of PI controller

lav Average length of coil (m)

Ltc Leakage inductance in coupler (H)

L+t Leakage inductance in transformer (H)

m Conductor weight (Kg)

Piro Iron losses of magnetic coupler (W)

P; Joule losses on MOSFETS (W)

Prec1 Dead time diode losses (W)
Prec2 Reverse recovery losses (W)

Pswi Switching losses (W)
Pwin Joule losses on windings (W)
Qe Gate charge (C)
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Ve
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Vwin
Wine
Wmf
X

Reverse recovery charge (C)
Conductor resistance (Q)
Drain-Source on resistance (Q)
Outer radius of insulation (m)

Inner radius of insulation (m)

Output saturation of PI controller (%)
Section of the magnetic core (m?)
Dead time between MOSFETS control of the
same cell (s)

Turn-off delay time (s)

Turn-on delay time (s)

Current pulse duration (s)

Input voltage (V)

Diode forward voltage drop (V)

Gate voltage (V)

Voltage across the winding (V)
Transformer volume (m?)

Copper volume of windings (m?)
Magnetic energy in coupler (J)
Magnetic energy in transformer (J)
Geometric coefficient of (E+I) core shape

Greek symbols

Coefficient of the capacitance variation with

o
temperature (K1)
AT Temperature variation (K)
By ac Magnetic flux (Whb)
(S} Phase shift between two adjacent cells (rad)
P Copper resistivity (Q.m)
o Vacuum magnetic permeability (H.m™)
Subscripts
CM Common mode
DM Differential mode
TS Thermal step





