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Abstract

With the rapid growth of decentralized energy generation from renewable resources, the connecting
high-voltage cabling grid is also increasing. Therefore, a large demand on mobile high-voltage cable
test systems results in the coming years. This paper deals with the development of a LCC resonant
converter-based power supply scheme generating an 85 kV (RMS) sinusoidal test voltage at very low
frequency of 0.1 Hz for testing of high voltage cables. The resonant converter is designed based on
steady state AC analysis. The results are verified with experimental investigations conducted on a pro-

totyping system.

1. Introduction

After introduction 20 years ago the very low-
frequency (VLF) measuring technique for high-
voltage test system (HVTS), has been accepted
in standards HD 620-S1 in 1996 and IEC 60060-
3-2006, recently [1]. In comparison with HVTS
operating at 50 Hz the VLF-HVTS has consider-
able advantages in respect of volume, weight
and energy consumption.

Regrettably, current VLF-based truesinus’ gen-
erators use only the phase-shifted full-bridge in-
verter scheme [2] [3], which cannot make use of
non-negligible winding capacitances of the high-
voltage (HV) transformer windings and of the ca-
pacitors for static and dynamic control of the volt-
age stress on HV-rectifiers in the Cockcroft
Walton voltage multiplier rectifier circuit (CW-
multiplier). In order to overcome these draw-
backs as well as to shrink volume, weight and
cost with respect to magnetic components, a
LCC resonant converter scheme operating at
high switching frequency is a recommended to-
pology for DC-DC applications [4] [5] [6]. Due to
its buck and boost characteristics this topology is
also very suitable for the complex load behaviour
in this novel application.

As the LCC resonant converter is operated
above the resonant frequency, ZVS is preserved
for both legs. In order to generate a sinusoidal
output voltage of 85 kV and 0.1 Hz, the electric
energy stored in the HV-cable is controlled by
LCC resonant converters and R-Controllers as
shown in Fig.1.

' Truesinus is the Trademark of BAUR Priif- und Messtechnik
GmbH, Sulz / Austria.

This contribution is organized as follows: The
system is briefly described in Chapter 2. For
steady-state analysis of the converter, load char-
acteristics are modelled using equivalent resis-
tances given in Chapter 3. Based on the AC fun-
damental analysis technique, the steady state
control characteristics of a LCC resonant con-
verter are presented in Chapter 4. This design is
verified through simulation and measurement on
a prototype in Chapter 5.

2. System Description

As shown in Fig. 1 the VLF-HVTS comprises a
positive subsystem, which generates the positive
half-wave of a sinusoidal voltage of 85 kV / 0.1
Hz, and a negative one. Each subsystem con-
sists of four functional modules: LCC resonant
converter, HV-transformer, CW-multiplier, R-
controller. Rectifier with a DC-link voltage U,, and
HV-cable are the common parts of both subsys-
tems. For converter development, only the elec-
tric characters of the HV-cable will be consid-
ered. Hence, it is simply modelled as a capaci-
tive load, which has a maximum capacitance of
1.65 yF. As the positive and the negative sub-
systems have the same structures, only the posi-
tive one is outlined in the following description.
The crucial functional modules of the system are
presented below:

A. LCC resonant converter

A full-bridge topology is used for the resonant
converter as shown in Fig. 1. Due to the opera-
tion above the resonant frequency, the turn-on
action of transistors is guaranteed at zero volt-
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Fig. 1. Structure of the power circuit of a VLF-HVTS.

age and this applies also for the turn-off action,
which is ensured by the parallel connected ca-
pacitors. The serial inductors Lg is formed by a
physical inductor in combination with the trans-
former leakage inductance. The parallel capaci-
tance Cp denotes the equivalent capacitance of
the secondary winding capacitance of the HV-
transformer added by capacitors of the HV-
multiplier for voltage stress control of several
connected diodes forming each shown rectifier.

The output power of the CW-multiplier, one part
of which charges the HV-cable and the others is
dissipated as losses by R-controller, is controlled
through variation of set values: switching fre-
quency and duty cycle of the LCC resonant con-
verter.

B. HV-transformer and CW-multiplier

In high-voltage applications using resonant to-
pologies, the size of a HV-transformer is essen-
tially determined by the necessary isolation dis-
tances. In order to reduce the isolation voltage of
the transformers, a combination of a transformer
and a full-wave CW-multiplier is advantageous.
However, as pointed out in [6], a three-stage
CW-multiplier is recommended for the present
case, so that losses and size of the cascade
does not exceed the savings of the transformer.

As well known, all components of the CW-
multiplier are stressed with the identical voltage
Usage = Uouw/3 €XCEPL C,’, Which has to withstand
only half of it.

LCC resonant converter, HV-transformer and
CW-multiplier constitute the power supply block,

RC-Load
(variable R)

which injects electric energy into the HV-cable
and R-Controller.

C. R-controller

As the power supply block is not bi-directional,
the cable is discharged by the resistors R,,.and
R, see Fig. 1. In order to guarantee a true si-
nusoidal voltage waveform, the resistors have to
be carefully adapted. Such adjustable resistors,
so-called R-controllers, are implemented as a
chain of N HV-resistors. Each of them can be
bypassed by an IGBT, see Fig. 2. Two of such
R-controllers are required for the circuitry.

To ensure minimum loss in the R-controllers as
long as the positive power supply block is charg-
ing the cable, R, should be set at zero and R,
should be set at maximum value.

rJ {:E] R
/B/Rpm/m'g —_— i
7y

Ry

Fig. 2. Structure of R-controllers; Ry =R, =+ =Ry
= RO’ Rp(),s‘/Rneg = kRO (k = 07 13 T N)

3. Description of the Load
Characteristic

With a required sinusoidal test voltage
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ug, (t) = U -sin(wr) = U -sin(27ft) (1)

the electric energy
1 2
eC (t) = EC : uOut (t) (2)

has to be stored in the HV-cable assuming a
lumped equivalent capacitance for the distributed
cable capacitance. The charging or discharging
power of the HV-cable is:

_ de (1)

= 3)

pc(t)
As the output voltage of the VLF-HVTS has a
very low frequency of 0.1 Hz and the resonant
converter is operated in the range of tens of kilo-
hertz, the quasi steady-state load behaviour at a
certain instant ¢ can be described using an vary-
ing equivalent resistance

_ u()ut (t) — uOulz(t)
R =iy = pet )

As mentioned in Chapter 2, as long as the posi-
tive resonant converter is operated (icyp > 0) the
resistance of the positive R-controller is always
zero (R,,s = 0) and the negative R-controller is at
its maximum (R,., = R...)- Thus, a total effective
load resistance R; results from the parallel con-
nection of the equivalent resistance from (4) and
R

RL (t) = Requ (t) || Rmax (5)

Ignoring all further losses, the resonant converter has
to supply the output power:

pc‘onv.out (t) = pC (t) + pR—(rtrI (t) (6)
where
15 T
tiou(f) / 10 KV
- ec(t) / kI
10 = -
5
= - 1\
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/
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Fig. 3. Characteristics during the positive half pe-
riod of the test voltage

2
uaut (t)

max

Pre-cn () = (7

Parameters of equations (1) to (7), switching fre-
quency fs and duty cycle d are defined according
to the following technical specifications:

U=120kV f=0.1Hz
Ry=11.2kQ N=210

Rypox =N'Ry=2.35MQ C=0-1.65puF
fs=27--40kHz d=0--100%

Four typical operation points at maximal rated
load capacitance are defined as shown in Table
1 as representatives for further analysis in Chap-
ter 4.

Tab. 1. Typical operation points (OP) of VHTS

oP ”E{’]/ i;’i:/ R, /kQ | Comments
1 11.7 128 91.3 Small u,,,
2 |46 135 341.5 Max. icyp
3 100 112 894.3 Max. peonverterout
4 120 51 2350 Max.

4. Converter Design Based
on AC Analysis Using Fun-
damental Components

Ignoring all losses and simplification of each sub-
system vyields the equivalent circuit illustrated in
Fig. 4.a, with all components being transformed
to the primary side of the HV-transformer. As
mentioned in [5], [7] and [8], the behaviour of
LCC resonant converters with capacitive output
filter can be furthermore simplified through an
equivalent AC circuit as shown in Fig. 4.b.

Using these findings and considering the voltage
transfer ratio of the HV-transformer (1:n) as well
as the k-stage CW-multiplier (k = 3), the conduc-
tion angle 6 can be calculated through (see Fig.

4.c):
-1 T
6 =2-tan /—Z-fS,Nﬂ-Q’ 3

where fsy is the normalized switching frequency,
a is the ratio of Cp to Cs, and Q is the normalized
load resistance as follows:

fs.N =fs/f0 (9)

fo=12xJLs - Cs (10)
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Fig. 4. Simplified circuit of a subsystem through
transforming all components to primary side of
HV-transformer, C, denotes the equivalent ca-
pacitance of the CW-multiplier (a), AC equivalent
circuit (b) and its current as well as voltage
waveforms (c).

a=C,/Cq (11

RL
n® - (2k)* -|/Ls 1 Cs

0= (12)

The voltage waveform coefficient &k, and the
phase angle S between the first harmonic of the
parallel capacitor voltage uc,, and its current
icpy Can be approximated according to [8] by:

"AlC(l) .0

k= —2Y 14027 sin(—~ 13

NS sin(3) (13)
B ~—0.439 -sin(0) (14)

Using these parameters, the equivalent resistor
R. and the equivalent capacitance C, of equiva-
lent circuit according to Fig. 4b can be obtained
as

k 2
Re:%~RL (15)
2-(n-2k)
2
e :sz)z.tan|ﬂ| (16)
@R, -k,

So we obtain the AC voltage ratio of ug,) to
U4B(1)-
]"212 1 (17)

J[l a-(f2-1)- (1+6;a“1‘3ﬁ‘ )+ (12,-1)- e &]

Since the amplitude of the first harmonic of the
voltage w5, can be deduced from:

N 4 |
U pay = —- sin(—-d)-U,,, (18)
T 2
the output voltage results to
N 2k 4 -2k
U = U480 ky nT Sm(* d)-ky 'nk Uy, (19)
v v

According to (19), the control characteristics for
the four typical operation points can be com-
puted as shown in Fig. 5. After a number of itera-
tive investigations, a combination of n = 15, C, =
270 nF and Lg = 270 pH proved as optimal pa-
rameters to fulfill the technical specification and

uoulfs, d, Rr)
150kV
\ toudfs d, 2350 kOhm)
| doulfs, d, 894.3 kOhm)
e 120kV
100kV
90kV
60kV |
46kV
30kV
11.7kV
0.
28kHz 30kHz 32kHz 34kHz 36kHz 38kHz 40kHz  40kHz  40kHz  40kHz  40kHz  40kHz  fs
100%  100%  100%  100%  100%  100%  100% 80% 60% 40% 20% 0% d

Fig. 5. Control characteristics for four typical operation points according to the equivalent load re-

sistances as defined in Table 1.
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constraints:

e Minimize RMS-value and amplitude of i;, in or-
der to reduce volume, weight and cost of series
inductor and the HV-transformer;

¢ Minimize the amplitude of u(, in order to realize
Cs conveniently using available components.

For shorter HV-cables with lower capacitance
values, similar control characteristics can also be
derived using this analysis. However, due to the
time varying load characteristics and the large
range of output voltage, it is more confusing to
illustrate all graphs of various cable capacitances
within one figure (see Fig. 5).

In order to overcome this difficulty, the output
voltage ug,; and the output current of the positive
CW-multiplier icyp at a constant switching fre-
quency fs; and duty cycle d; can be rewritten with
functions to R; by:

Uow = S(R,)

lewp = g(R,)

(20)
21

If R, varies between 0 and 2.35 MQ, a set of con-
trol characteristics at respective switching fre-
quencies fs and duty cycles d results as illus-
trated in Fig. 6.

According to the load analysis in Chapter 3 the
current icyp can also be related as a function of
uou, Which is illustrated in Fig. 6 for various rat-
ting of C; and set values of f; and d:

icw p = Mg,) (22)
Two situations are critical: maximum capacitance
(1.65 pF) and the no load condition (HV-cable is
not connected). At maximum load capacitance
shown in Fig. 5, the resonant converter is oper-

ated in frequency modulation mode with a con-
stant duty cycle of 1. At no load operation, how-
ever, it begins with a minimum duty cycle at 40
kHz. At around 65 kV output voltage the duty cy-
cle reaches the maximum value of 1 and the fre-
quency modulation begins. The area between
these two critical modes builds the operation
area of the VLF-HVTS.

5. Simulative and Experimen-
tal Results

For validation of derived analytic results gained
by AC analysis using fundamental components,
the positive part of this system shown in Fig.1
was simulated in Matlab/Simulink. It was sup-
plemented by an additional Plecs toolbox, which
provides a graphical user interface to build simu-
lation models of power electronic circuits, effi-
ciently. Because of the high cost in manufactur-
ing HV-resistors, only one load resistor was
manufactured for testing. The test resistor has a
value of R; = 977.6 kQ, rated between equivalent
resistances of OP3 and OP4 according to Ta-
b. 1.

Measured and simulated results are shown in
Fig. 7. Ignoring all kinds of losses conformable
results are obtained between theoretic analysis
(u_out_Theo) and simulation (u_out_Sim1). Tak-
ing the known part of semiconductor conduction
and ohmic losses into account in the simulation
model, the  simulated output  voltage
(u_out_Sim2) is lower as with the theoretic
analysis. As the losses due to skin effect, stray
capacitances in the high voltage side and switch-
ing actions of HV-diodes are difficult to consider
in the simulation module, the output voltage from
experiment (u_out_exp) is of course lower than

icwp/ MA
uow=f(Rr), icwp = g (Ry) during the variation of
160 R, R, from 0 to 2.35 MQ by various fs / d:
fs=30kHz/d=100%
icw.p = h(uow)
140 Ry by: C, = 1.65 uF
S f5=32.5KHz/ d = 100%
120 | &, B
&

100 | fs=35kHz/ d = 100%

U =375 KHz/d=100%

fs=40KHz/ e
60 s =40 kHz/

d=100%
Ry d=170% T
N
~ -
g fi=40 kHz /
40 ~ Js=
T d=40%
R f=a0kHz/ o

S d=20%,

icwp = h(tow)
by: C;, =»500 nF

icw.p = h(uou) at
no load operation

operation area

HV-cable is ’
not connécted

10 20 30 40 50

60 70 80 90 100 110 120
Uou | KV

Fig. 6. Working tracks of the HVTS by various capacitance values of the HV-cable.
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Fig. 7. Control characteristic lines of the in table | defined four equivalent load resistances as well as

the four typical working points.
the second simulation result.

According to Chapter3, this test resistor repre-
sents the load character of a 1.65 pyF cable ca-
pacitance at the time instance of 1 = 1.668 s. At
this instant the desired output voltage and the
output current of CW-multiplier should be: u,,, =
104 kV and icyp = 106 mA. As shown in Fig.7 this
point of operation is set by adjusting the switch-
ing frequency of fs to 31 kHz and duty cycle d to
100%. This fulfils the design specifications.

6. Conclusion

In this contribution the LCC resonant topology is
successfully used as a novel power supply solu-
tion for a VLF-HVTS. For converter design the
following simplifications of the VLF-HVTS are
proved to be efficient:

¢ Simplification of the load behaviours by using
equivalent resistances;

e Simplification the CW-multiplier by using a rec-
tifier with an equivalent capacitive output filter;

Based on the both simplifications the major op-
eration characteristics of the VLF-HVTS are effi-
ciently derived through conventional AC analysis
technique using fundamental components. Using
an iterative design procedure based on this
analysis in conjunction with the constraint to
minimize stress quantities of resonant tank com-
ponents leads to a good parameter combination
out of technical and economical view. Results of
the theoretical analysis are verified by simulation
and experiment.
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