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Abstract

In this paper, a high output voltage power converter working
at variable input DC-link voltage is presented. The variable
DC link voltage opens to very interesting solution at system
level. However, those solutions will be the subject of futures
papers. Only the main power converter structure is presented
here. After an evaluation of the most promising converter
topologies for the required high voltage and power,
eventually an LCC resonant converter with phase shift control
has been chosen. The resonant converter is followed by a
double secondary high frequency transformer with a two
diode voltage doublers. The system has been fully analysed
from the theoretical point of view, designed, built and tested.
The control system has been fully digital implemented
making use of a TI DSP microcontroller, TMS320X28335.

1 Introduction

During the topology choice phase of the DC/DC high voltage
converter presented in this paper, several solutions to obtain
the required high voltage capability have been evaluated.
Starting from the key hypothesis of using a resonant inverter,
in order to obtain a high switching frequency at a reasonable
loss level, various solutions for the transformer and rectifier
stage have been considered. Among the others, a number of
multi-stage Cockcroft-Walton solutions have been evaluated
[1]-[11]. However, mainly due to the increased system
complexity and the relatively low dynamics of this kind of
topologies, the decision of adopting a simple high frequency
transformer and diode voltage doublers configuration has
been taken. The chosen solution is based on the LCC resonant
inverter structure, followed by a two stage transformer-
rectifier, as shown in figure 1.

This topology has several advantages:

e [t can incorporate the parasitic elements of the
transformer in the circuit operation.

e It has a small-size blocking capacitor connected in
series with the high-voltage transformer.

e [t can guarantee the soft-switching on a wide operation
range.

e [t allow for a voltage gain factor up to (theoretically)
2pu (base: DC link voltage) of the transformer input
voltage at the resonant frequency.

e Operation with no reactive energy returned to the input
voltage source can be achieved with Phase-Shifted
PWM control, even with considerable variations in the
output voltage and load. High efficiency can thus be
obtained in such conditions.

e The resonant elements voltages and currents can be
designed at reasonable values for the required power,
input and output voltages (see section 2).

e [t allows a dynamic response faster than Cockcroft-
Walton based solutions.
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figure 1: High voltage power supply schematic.

2 Steady state theoretical analysis

For the design of the power converter, a theoretical model is
required. For this job, the steady-state sinusoidal model
proposed in [12] has been used. This model gives a relatively
simple analytical method for the analysis of parallel and
series-parallel converters with capacitive output filter, to be
used in the design procedure for this class of converters.

The basic idea proposed in [12] is to make a theoretical
steady-state analysis at the fundamental resonant frequency.
This allows obtaining the steady-state equations linking the
fundamental harmonic of the various quantities (currents and
voltages) of the converter. Those equations have been used in
[13], where an optimization strategy, based on a genetic



algorithm approach, has been proposed to find the optimal set
of switching frequency and resonant elements.

In this paper a simplified approach is proposed. The design
starting hypotheses, obtained from preliminary simulations
and feasibility considerations are:

e The transformer voltage ratio has to be between 1:80
and 1:140 for feasibility reasons.

e The magnitude of the ratio between parallel C, and
series C, capacitors oy, = C,/Ci= 0.3.

e The value of the capacitance C, should be larger than
the transformer parasitic capacitance reported on the
primary side, C,> Cyn’

e The nominal switching frequency has been chosen as
f=50 kHz.

The equations presented in [12], [13] have been used to
optimize the LCC converter. Even though these equations
were written for an LCC converter with simple wave rectifier,
we considered they were accurate enough for our circuit
containing two parallel transformers with a voltage double
rectifier (figure 1), by simply assuming that the
transformation ratio were four times higher. This hypothesis
has also been verified by simulation.

The converter has then been designed with the following
simplified iterative approach.

e The starting operating point is made of the minimum DC-
link voltage Vg min, the maximum power and the nominal
switching frequency: Vg min = 150 V; Vg = 120 kV;
Prax @250 mA, f, =50 kHz.

e By imposing the smallest transformation ratio ng, the
minimum parallel capacity Cpnmin has been evaluated: np,
= 80 which allow obtaining C,,;,= 1.6uF.

e A value of Cp compatible with commercially available
high voltage, high current, high frequency capacitors has
then been chosen, for example Cp= 2.2uF as from High
Energy Corp CHN0220M250.

e The capacitance C; is derived to respect the coefficient oy,
Cs= Cylony, = 7.33pF.

e Similarly, a value of existing capacity Cs =
6.2uF(CHN0620M250 High Energy Corp.) has been
chosen.

e The actual coefficient a is equal to 0.355, which is a value
in the acceptable range.

e From preliminary simulations of the whole LCC converter
making use of the values listed above, an IGBT power
module Mitsubishi CM600DU-12NFH has been chosen
and the efficiency n_has been evaluated. Loss coefficients
are extracted from the data sheet of the power module.

e figure 2 shows the efficiency as a function of the
transformer ratio. The maximum yield is around 1:110 and
1:120. Eventually, the transformation ratio has been
chosen 1:110 for each transformer.
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figure 2: Efficiency as a function of the transformer ratio.
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Once the transformation ratio chosen, the value of the series
inductance can be evaluated. In our case is Ls = 4.65uH.

The main parameters of the LCC converter are summarized in
Table 1.

Parameter Ls Cs Cp n
Value 4.65pH | 6.2 uF 2.2 uF 110
Table 1: Main converter parameters.

3 Dynamic modeling

Let us consider the equivalent circuit shown in figure 3. The
capacitors C,;’, Cy,” and the resistor R, are referred to the
transformer primary side, C,’= Cyp’= C,” = C,'2n%,
R,’=R./(4'1%).

The equation set used in section 2 is not useful for modeling
the dynamic behavior of the power converter, because it is
derived from a steady-state approach. A different approach
has then been chosen, based on the well-known Generalized
Averaging Method proposed in [14]. The same approach for
the LCC configuration has been also proposed in [6] and [16].
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figure 3: LCC converter with voltage doubler
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The equations have been written by considering we are using
a special kind of phase-shift PWM technique of the converter,
the so-called Dual Control as proposed in [15].
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figure 4: Behaviour of the mains variables of the LCC control
with Dual Control

This strategy allows reducing the commutation losses,
because one of the legs commutates always at zero current.
The behavior of the mains variables is represented in figure 4.

The state variables of this converter are the series inductance
current i, the series capacitor voltage v, and the (referred to
primary) output voltage V,” [6], [16]. The voltage on the
parallel capacitor is not a state variable, and it must be
expressed as a function of inductance current and the output
voltage V.’ [6], [16]. From the equivalent circuit (figure 3),
we can write the following differential equations:

digs(t) _ Vag(®) Vs (©) Vep (6)

dt Ly L Lg &
dVCs(t) _ iLs(t)
i G @)
d‘/ol ]/OI
abs(ir () = o 220 3)

R,
After performing the generalized averaging approach

developments on these equations, we obtain the generalized
averaging equations as following.
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Then, the new states variables are: (i ¢);, (Ves)1 and (V).
However, these variables are complex numbers. They can be
rewritten by separating the real parts and imaginary parts.
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Then the equations above can be rewritten as:
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A few words must be spent on the duty cycle D strategy. The
Dual-control is performed by imposing the voltage
commutation at each zero crossing of the resonant current.
This could induce to think that the direct component of the
current should always be zero. However, this component
must be taken into account into the dynamic model, because
the Dual-control strategy cannot be strictly imposed
especially at the beginning of the transient.

4 Simulations

The whole system has been simulated making use of PLECS,
power electronics simulation software.

Parameter Value Paramete Value
r
U, 150 [V] Cs 7 [WF]
fy 60.459 [kHz] Gy 2.1 [uF]
L 4 [uH] D 0.625 [-]
R, 680 [kQ] C, 2 [nF]
n (ny/ny) 2x110 [-]

Table 2: Simulation parameters.



To validate the equations (7)-(11), a comparison with the
PLECS simulated model has been done. Simulation
parameters are shown in Table 2. Those settings are not
optimized.

Simulation results are presented in the figure 5. The equations
results are shown in red, while the simulated converter results
are shown in blue. The calculated average equations values
are very close to the simulated average value of instantaneous
quantities. However, the equations above have been written
with the hypothesis of a fixed resonant frequency, while
during actual transient behavior of the converter, the
resonance frequency slightly varies.
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figure 5: Validation of the generalized averaging equations (a)
high voltage transient on the load, (b) resonant current I ; in
red the generalized averaging equations, in blue the discrete
parameters model simulation

5 Control strategy

5.1 Transfer function

The generalized equations presented in section 3 are highly
non-linear. So, to obtain a useful transfer function, some kind
of linearization is mandatory. This is done by firstly set to
zero the derivate of equations (7)-(11) to obtain the steady
state value of each variable and the relationship with others
variables, and secondly by linearizing the equations around
the steady state values for small variations of the variables.
After the linearization, the classical linearized model of the
type given by (17) can be obtained.

{5’& = AX + Bul

17
y=Cx+Du 1n

where A, B, C and D are states matrices that describe the
system, X is the state vector,% is the input vector, ¥ is the
output vector and the symbol ~ means small variations around
the steady-state value. In [17], this work has already been
done and will then not be repeated here.

5.2 Controller design

The synthesis of the controller has been performed using the
pseudo-analog approach [18], [19]. The continuous PI
controller parameters have been chosen with the classical gain
and phase margin imposition on the Bode diagram and then
discretized using standard ‘Tustin’ bilinear method. As the
system is highly dependent on the operating point, some kind
of adaptive controller, making use of lookup tables and
interpolation has been implemented.

5.3 Modulator and controller implementation on the DSP

The control of the system has been implemented on a Texas
Instruments TMS320X28335 “Delfino” microcontroller. This
MCU, working at 150MHz clock, has very flexible PWM
generation peripherals. In this application the PWM has to
work at a variable frequency, synchronized to the resonant
current. As already said, a technique based on the zero
crossing detection of the resonant current has been
implemented. This is done making use of a suitable current
transformer and a simple comparator. The PWM modules are
then synchronized on the rising edge of the comparator signal.

5.4 Frequency measurement

The actual frequency is measured using a dedicated capture
(Cap) unit which consists of a counter running at the CPU
frequency. At each rising edge of the comparator signal, the
counter is reset and the actual value is stored. This value,
which represent the current period expressed in number of
CPU cycles, is used by the PWM modules.

5.5 Pulse width modulation signals generation

The resonant converter is a full bridge structure, so two PWM
modules are needed, one for each leg. According to the phase
shifting technique, each leg is controlled with a 50% duty
cycle. The fundamental of the output voltage can be
controlled by imposing a suitable phase shift between the two
legs. Each PWM module is fully configurable to control both
high side and low side power semiconductors including the
dead-time generation. Moreover, it can be synchronized either
on external events or other PWIM modules. In this case, a first
modulator (PWMI) will be synchronized on the rising edge
of the current sign and a second modulator (PWM2) on the
PWMI.

The synchronization is achieved using a straightforward
principle: when a sync event occurs, the PWM counter is
reset to a known value, which is the required phase lead value
as described in [20].

The figure 6 shows a timing diagram of the PWM generation.
At each rising edge of the current sign, the Cap module



measures the period and the PWM1 module is then initialized
with the period, half-period and phase lead values. If well
suited, the phase lead value will compensate the dead-time at
each rising edge and eventually allows zero current switching.
The PWM?2 is synchronized on each period of the PWM1 and
so initialized except that the phase lead will be the control
variable for the inverter output.
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figure 6: Time behavior of the adopted digital phase shifting
technique.

6 Preliminary test results

In order to verify the expected behavior of the resonant

converter, a prototype has been built.

This prototype consist of a variable DC-link generator able to
supply input voltage in the range of 150 — 260 V, a full IGBT
bridge of Mitsubishi CM600DU-12NFH, a resonant tank with
inductors and capacitors as specified in section 2, two high
voltage transformers each with 1:110 turn ratio, rectifiers
diodes, capacitors and a resistive dummy load. Each of the
four output capacitor has been set to 2nF. Photo of prototype
is shown in figure 7.

Experimental tests were done at several operating points. The
result of tests shows that the system works as expected. In
order to compare experimental results with the simulations
done above, an example of output voltage and current shape
for the operating point Vi, = 215 V, Ryy,q = 680 kQ, is shown
infigure 8. The output voltage show very low ripple and fast
dynamics response (rising time lower than 400us). The
measure output voltage in this case is 122.2 kV with a power
of 20 kW.

The shape of the resonant current obtained on the prototype is
the same as that obtained in simulations (compare with figure
5 results). The zero crossing detection of resonant current is
shown in figure 9. The non-ideal behavior of the voltage
clearly shown by the measurements is due to effect of the
dead time that has to be imposed to the power component.
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figure 8: Output DC voltage (orange) and resonant current iL
(green): Vout=122.2 kV

gure 9: Resonant current (yellow) and voltage at the output
of the H bridge (pink)

7 Conclusions

In this paper, a high output voltage power converter working
at variable input DC-link voltage has been presented. After a
careful review of the different topologies presented in
literature, an LCC resonant converter topology with phase



shift control has been chosen. The resonant converter is
followed by a double secondary high frequency transformer
with a two diodes voltage doublers. The system has been fully
analyzed from the theoretical point of view, designed, built
and tested. A full digital control has been implemented into a
TI DSP microcontroller. The experimental results confirm the
theoretical and simulation studies.
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