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Energy-Based Analysis and Predictive Variable
Frequency Control Scheme of a High-Voltage Solid
State Pulse Generator for Space Applications

Chinara Kuldip

Abstract—Pulsed plasma thrusters (PPT) hold significant
promise for space exploration and exploitation by integrating high-
power capabilities of magneto-plasmadynamic (MPD) thrusters
with low average power consumption (typically <150 W) and
reduced heat generation. These thrusters are powered by high-
voltage pulse generator with peak pulse magnitude ranging from
250 V to 2.5 kV. Pulse generators in the literature often exhibit
longer charging times, which limit the pulse repetitive rate (PRR)
to below 500 pulses per second and prevent it from achieving the
desired pulse voltage profile. This article proposes a resonant-based
high-voltage pulse generator that features programmability for
pulse amplitude, enhanced PRR, reduced full width at half max-
imum (FWHM), and improved efficiency, addressing the require-
ments of the PPT. A predictive control scheme is proposed for the
variable frequency-based high-voltage pulse generator, eliminating
the need for current and voltage sensors; reducing system costs,
associated conduction losses, and control complexity compared to
conventional control methods. An energy-based analysis is used to
investigate the impact of parasitics in the pulse generator deriving
essential parameters for PPT operation and offering an improved
analytical approach. The energy-based analysis, derived analytical
expressions and proposed control scheme are validated through
experimental testing for pulse voltage of —2.5 kV, with a PRR of
1000 Hz and a FWHM of 20 us. The proposed control scheme
achieves precise tracking of the MOSFET turn-ON and turn-OFF
instants, reducing timing errors to less than 5% compared to
conventional control methods.

Index Terms—Energy-based analysis, parasitic capacitance,
predictive control, programmable pulse voltage, pulse plasma
thrusters (PPTs), pulse power supply, space application.

I. INTRODUCTION

HE utilization of small satellites has rapidly expanded for
T applications in earth observation, remote sensing, telecom-
munications, and scientific research [1], creating a need for
compact and cost-effective systems. Pulsed plasma thrusters
(PPTs) are emerging as replacements for conventional magneto-
plasmadynamic (MPD) thrusters [2], offering characteristics
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Fig. 1. Block diagram of a typical pulse plasma thruster (PPT).

ideally suited to provide a straightforward, lightweight, com-
pact, and high-performance propulsion solution for power-
limited small satellites [3]. The PPTs feature a low average
power consumption (typically below 150 W) and minimized
heat generation, making them well-suited for these applications.

Fig. 1 presents the block diagram of the PPT. When a high
voltage (HV) is applied across two electrodes, it initiates an
arc that heats and decomposes the Teflon propellant into ionized
plasma, which is then accelerated by the Lorentz force to produce
thrust [4]. The electrical power supply to the PPT (i.e., the
“Power Processing Block™ in Fig. 1) is the critical component
and should prioritize cost-effectiveness and compactness, while
also featuring high power density and efficiency with low aver-
age power consumption. Utilizing a nonpulsed HV power supply
increases the average power rating and size of the supply [5],
which is impractical for small satellites where mass and power
are constrained. On the other hand, pulse power supplies fulfill
the requirements of the power processing block, making them
suitable for use [6].

Converter topologies used in the literature for pulse power
supplies of PPT often incorporate HV switches alongside
precharging configurations to generate the necessary pulse pro-
file [6], [7], [8]. However, these precharging setups typically
feature longer charging time constants, resulting in either a
reduced pulse repetitive rate (PRR) or an inability to reach the
desired peak pulse amplitude [9]. Furthermore, the achievable
efficiency and the full width at half maximum (FWHM) of the
pulse power supply are affected by factors such as high turn-ON
resistance (in 100 2s), built-in snubbers, and the minimum pulse
width limitation of the high-voltage switch [10]. Increased over-
shoots and undershoots during pulsing contribute to the erosion
of the cathode and anode electrodes of the PPT. In addition,
these high-voltage switches tend to be bulky and are primarily
suitable for high-pulse power applications (in the range of 1 to
5 kW). When a resonant-based high-voltage, high-power pulse
generator is used for low-power applications, the FWHM and
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Fig. 2.

PRR are often reduced to meet the load’s energy requirements.
High-power systems tolerate higher losses due to their larger
absolute power transfer. However, in low-power applications
like space plasma thrusters, even small losses significantly
impact efficiency, making stringent efficiency requirements
essential.

Most existing literature addresses high-current resonant-
based pulsed applications with highly inductive loads or con-
tinuous sinusoidal voltage or current pulses. However, there
is limited focus on converters achieving soft switching during
pulsing. In [11], [12], resonant pulse power supplies are de-
signed for high-current sinusoidal pulse applications but do not
incorporate soft-switching techniques. In [13], a bidirectional
short high-voltage pulse topology is presented, yet it lacks the
capability for soft switching. In [14], a soft-switched topology
for short high-current pulses is introduced, but the power re-
quirements for these converters typically range from several
kilowatts. In contrast, the proposed application in this work
targets a low-power scenario (< 150 W) and demands a short
high voltage unidirectional pulse. Fig. 2 illustrates the proposed
HV pulse generator for PPT. The proposed resonant flyback
topology features a compact structure with a reduced component
count, galvanic isolation, higher PRR (> 1000 Hz), and less
FWHM (< 30us), meeting the requirements of the PPT. In
addition, it demonstrates efficiency (n > 90%) for low-power
applications [15]. This topology avoids the need for snubbers
by integrating ZVS turn-ON and ZCS turn-OFF in the control
scheme for switches ()1 and ()2, respectively.

Due to the larger secondary turns and winding arrangements in
the low voltage transformer (LVT) and high voltage transformer
(HVT) of the resonant flyback converter, the leakage inductance
and the winding capacitance of the transformers increase [16].
These parasitics, which include the semiconductor devices’ node
capacitances and transformer leakage inductance and winding

Resonant flyback topology with proposed predictive variable frequency control scheme.

capacitance (illustrated in red in Fig. 2), significantly impact the
performance of the capacitive-dominant PPT load [17], [18],
[19]. Neglecting these parasitics can result in failing to achieve
the desired pulse voltage profile, and therefore, analyzing the
converter considering all the parasitics is essential [20]. Circuit-
based analysis of the resonant flyback converter is accurate, but it
does not provide insights into the energy exchanges occurring in
the converter. Furthermore, determining the operating point and
control parameters of the converter using this method is com-
plex. The energy-based analysis is straightforward, facilitating
the derivation of simple expressions for control implementation
and the judicious selection of resonant flyback topology. It also
aids in determining essential parameters. In [9], an energy-based
analysis is proposed to evaluate the feasibility of using a flyback
converter-based high-voltage pulse generator for applications
with power requirements below 150 W. Similarly, Ravi etal. [21]
employed an energy-based approach for charging a flyback con-
verter from 12 to 2500 V, specifically targeting battery-powered
capacitive load applications. Building on these approaches, this
article employs an energy-based analysis that governs the energy
exchanges in the pulse generator with dominant parasitic effects.

In Fig. 2, the green box illustrates the conventional control
scheme featuring peak current mode (PCM) and minimum
voltage point (MVP) control, which involve sensing the switch
@1 current and voltage as well as sensing the input voltage
(V4e) and the resonant capacitor voltage (vc, ) to generate the
gating pulses [9]. The inclusion of current transformers (CTs)
for precise MOSFET current sensing results in notable conduc-
tion losses in the sensor [22]. The use of current or voltage
sensors increases the overall cost of the converter, and these
sensors often have relatively slow response times. In addition,
achieving high accuracy with sensors that measure pulse loads
in the kilovolt range is challenging and undesirable [23]. The
voltage drop caused by parasitic elements and MOSFET turn-ON
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resistance adds to the voltage sensor, posing challenges in pre-
cise sensing of the MOSFET voltage. In addition to the sensors,
supplementary analog circuitry is incorporated for generating
gating pulses for (Q; and )2 which increases both the cost
and complexity of the converter system [9]. In [24], a model
predictive control strategy is discussed for dual-active-bridge
converters in pulse power applications, which introduces a cost
function for resonance damping of load voltage. Zhang et al.
[25] presented model predictive control for a three-level bidirec-
tional de—dc converter to stabilize the dc bus voltage for stable
charge/discharge of super capacitor. However, these topologies
use fixed switching frequencies, limiting efficiency and per-
formance in high voltage pulse power applications requiring
soft-switching and variable-frequency operation to reduce losses
and handle dynamic loads [26]. Despite this, research on soft-
switched, variable-frequency predictive control for high-voltage
pulse power converters remains limited. Therefore, this article
proposes a predictive peak current and MVP control scheme for
a resonant flyback topology to manage energy flow from the
input to the pulsed output, as illustrated in the blue box in Fig. 2.

Predictive control is becoming increasingly favored in con-
verter control systems due to its ability to swiftly converge
to the set point of desired parameters accurately, relying on
mathematical models. The predictive control techniques involve
computing and predicting the future behavior of the converter
to achieve predefined control objectives [27], [28], [29]. This
article focuses on achieving faster charging of the resonant
capacitor (C)) through predictive control, contrasting it with the
conventional sensor-based control method. During the converter
operation, attaining precise turn-ON and turn-OFF instances are
essential for achieving a faster charging of the resonant capacitor.
During the converter operation, the resonant capacitor voltage
is sensed during each turn-ON instant of ()1, facilitating the
prediction of turn-ON and turn-OFF instant of (). Similarly, the
FWHM and the PRR obtained from the pulse voltage profile are
used to calculate the turn-ON and turn-OFF instant of (5.

The analysis summarized above underscores the need for an
energy-based analysis and control scheme for the pulse gener-
ator for PPT. The contributions of this work, detailed through
the proposed pulse generator, are summarized below, with key
research contributions highlighted in the blue box of Fig. 2.

1) An energy-based analysis is employed to investigate the
impact of the parasitics of the resonant flyback topology
and derive the essential parameters required for PPT op-
eration.

2) A predictive peak current and MVP control scheme for
the resonant flyback topology, controlling the energy flow
from input to the pulsed output and eliminating the need
for current and voltage sensors, is proposed in this article.

3) Precise extraction of parasitics of the LVT and HVT is
obtained experimentally.

4) The proposed model offers programmability in the pulsed
voltage profile, enabling the attainment of varying levels
of thrust required by the PPT.

5) The proposed energy-based model and predictive control
algorithm outlined above is implemented and verified
experimentally for a pulsed output voltage of —2.5 kV
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with the PRR restricted to 1 kHz and the FWHM limited
to 20 us.

II. CIRCUIT-BASED ANALYSIS OF RESONANT FLYBACK
TorPOLOGY

The proposed resonant flyback converter featuring a variable
frequency control scheme is shown in Fig. 2. This converter
consists of a high-frequency capacitor precharging network and
a resonant pulse frequency network followed by a high-voltage
pulse transformer. The converter’s steady-state operation is seg-
mented into eight intervals (shown in Fig. 3), with analytical
waveforms illustrated in Fig. 4.

Assumptions:

1) The parasitics (semiconductor devices’ node capacitances,
transformer leakage inductance, and winding capacitance)
dominate the conduction losses of the converter.

2) The resonant capacitor (C,.) is assumed to be large enough
to maintain a constant voltage throughout a switching
cycle.

3) The resonant magnetizing inductance of HVT L, >
L, + Lyj,; thus is neglected in the analysis.

4) In order to precharge the resonant capacitor before the
gating pulse of (2, the switching frequency of @)y is
maintained significantly higher than that of Q.

A. Load Parameters of PPT

A typical PPT load consists of an active electrode, a ground
electrode, a dielectric layer (Teflon in this case), and a discharge
gap (as shown in Fig. 1). In this article, electrodes with di-
mensions of 40 cm x 22 cm are chosen. The load includes a
I-mm-thick Teflon dielectric layer, with a 2 mm gap separating
the two electrodes. Based on these specifications, the PPT load
is electrically represented as a capacitance in parallel with a
resistance, where the capacitance (C,) and resistance (R,) are
estimated to be approximately 300 pF and 100 k§2, respectively,
calculated using the formula in [31].

B. Principle of Operation

The converter operates with a hybrid control scheme to cater
to the pulse voltage profile at the output. A predictive variable
frequency control scheme generates gating pulses for ()1, facil-
itating soft-switching and precharging of the resonant capacitor
to the desired value before the gating pulse to (J2. Subsequently,
the gating pulse to Q- is determined by a computational block
based on the PRR and FWHM of the pulse.

1) Interval 1 (tg to tq1):

Initial condition(s): ve, (to) = Ve,

At tg, Q5 is turned ON, D, is forward biased, and an L-
C resonant loop is formed with the resonant frequency
defined by (1), as shown in Fig. 3(a)

n2(Cyr + C,) + C»
Wy, = .
(Lr + ler) TL% (er + Co)cr

ey
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Fig. 3. Equivalent circuit of resonant flyback converter at different time intervals (a) interval 1, (b) interval 2, (c) interval 3, (d) interval 4, (e) interval 5 and 7,
(f) interval 6, (g) interval 8, (h) simplified equivalent circuit during interval 5 and 7, (f) simplified equivalent circuit during interval 3.
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Fig. 4. Steady-state analytical waveforms of the resonant flyback topology.

During this interval, the resonant capacitor discharges to
the load and the load voltage (v,) rises to V,, max, as shown

in Fig. 4.

tita ts f1lslelnts

ty

i

2)

3)

4)

Interval 2 (tq to t2):

Initial condition(s): ve, (t1) = Ve, s Vo(t1) = Vo max
At t1, the body diode of ()7 is forward-biased and Dj, is
reverse-biased due to reversal in 77, . The output voltage
discharges through the body diode of )5 to charge the
resonant capacitor, as illustrated in Fig. 3(b). During this
interval, @) is turned OFF, facilitating ZCS turn-OFF of
@2 as shown in Fig. 4.

Interval 3 (tg to t3):

Initial condition(s): vg, (t2) = 0

At t5, the body diode of )2 becomes reversed-biased (as
depicted in Fig. 3(c), causing the current 77, to charge
the equivalent resonant parasitic capacitance (C;.¢f) and
the resonant capacitor. The simplified circuit is shown in
Fig. 3(i). At t3, Cig2 is charged completely, leading to
the buildup of reverse voltage across (J2, as shown in
Fig. 4. The output voltage falls to zero with a time constant
defined by Rp,Cp, R,, and C,.

Interval 4 (t3 to ty):

Initial ~condition(s): v, (t3) = Vooma Ve, (t3) =
Vo, m +AVe,,), AVe,, = (ve, (t3) — ve, (1))

At t3, @1 is turned ON as shown in Fig. 3(d). During this
interval, the current through the magnetizing inductance
of LVT (4;) rises with a slope Vg./ Ly, as shown in Fig. 4.
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5) Interval 5 (t4 to ts):
Initial condition(s): 4;(t4) = Ipk,f
At ty, 4y reaches I,y ; and @)y is turned OFF via PCM
control. During this interval, a portion of the energy stored
in the magnetizing inductance (L, ) is utilized to charge
the equivalent flyback parasitic capacitance (C ), as
depicted in Fig. 3(e) and 3(h). As a result, the current
through 4; decreases, and the voltage across (1 rises to
Viae + ve,. /n2 as shown in Fig. 4.

6) Interval 6 (t5 to tg):
Initial condition(s): vg1 (t5) = Vac + ve,./ne2
At ts, Dy, becomes forward-biased and vg; is clamped
to Vg + ve,. /na [shown in Fig. 3(f)]. During this interval,
the remaining energy in L,,, is utilized to charge the
resonant capacitor as depicted in Fig. 4.

7) Interval 7 (tg to t7):
Initial condition(s): i;(t) = 0
Attg, Dy, isreverse-biased and during this interval the en-
ergy stored in C'y g discharges to L, ,, shown in Fig. 3(e)
and Fig. 4. At t7, 7; is negative and when v, > n; Vg,
the body diode of @), is forward biased.

8) Interval 8 (t7 to tg):

Initial condition(s): vg, (t7) =0

The energy stored in Ly, (during Interval 7) transfers
back to the source [shown in Fig. 3(g)] due to the con-
duction of the body diode of Q1. During this interval,
the gating pulse is given to ()1, ensuring ZVS turn ON.
This switch turn-ON technique is known as MVP control
scheme [9], [30].

The time interval from ¢3 to tg is subsequently repeated until
the resonant capacitor charges to Vg, . at ¢y (shown in Fig. 4).
The time required to charge the resonant capacitor from Vg, .
to Vi, .. 18 given by Tin, = Ny (tg — t3), where Ny represents
the number of switching cycles of ()1 needed to accomplish this
precharging process. To sustain the voltage across the resonant
capacitor at Vo, ., a minimum peak current (Ipy f(min)) i8
maintained to provide the necessary circulating energy for the
parasitics in the converter. The energy stored in C', ¢ during the
interval 3 gets discharged before the turn-ON of )5 at ¢,.. From
Fig. 4, some of the essential timing parameters of the resonant
flyback converter are derived and shown below.

i) The PRR of the converter is defined as Fpuse =

where Thuse = 1, — 1o.

i) The FWHM of the pulse is defined as time interval between
the rising and falling instant of the pulse, where the voltage
reaches 50% of V,, max, denoted as Tiypm.

iii) The time required to charge the resonant capacitor from
Ve, 0 Ve, o is given by Tens = Ny (ts — t3).

iv) The maximum charging time to charge the resonant ca-
pacitor is defined as Tepromax) < Tpuise — Zfwhm-

v) The rise time of the pulse is defined as Tije = t1 — to.

Tpulse ’

7, max

C. Limitation of Circuit-Based Analysis

1) The circuit-based analysis yields complex and
transcendental equations. Thus, computationally intensive
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processes are needed to derive the control algorithm of
the pulse power converter [9].

2) The circuit-based analysis falls short in capturing the en-
ergy exchanges within the pulse power converter, thereby
obscuring the impact of parasitic elements.

3) The circuit-based analysis falls short in determining the
essential parameters of the converter, such as the optimum
T such that the resonant capacitor gets charged to
Ve, e before the turn-ON of 2, Ny, the variation in
resonant capacitor voltage with each switching cycle of
@1, the threshold energy required to sustain voltage across
the resonant capacitor, the average power demand of the
load and the pulse load efficiency.

Therefore, this article employs an energy-based analysis to

overcome the aforementioned limitations.

III. PROPOSED ENERGY-BASED MODEL

In an ideal resonant flyback converter, an energy storage and
release interval exists to transfer energy from the source to the
load. During the energy storage interval, the resonant capacitor
is charged from Vg, . to Vi . over Ny switching cycles of
1, as described by

7,max

1 1

AEg, = 5Cr (Vc2 - Vc%) = Nyl L @
During the energy release interval, the energy stored in the

resonant capacitor is discharged to the load capacitor, as speci-

fied by
1
AECT = 500‘/:)2,max' (3)

In practical scenarios, a notable amount of energy is lost
during the energy transfer process due to the presence of para-
sitic elements. Consequently, additional energy transfer intervals
occur alongside the energy storage and energy release intervals.

1) Interval I1: Before ()5 turns ON, the energy stored in C;.

(Ec,.,) discharges from ve, to zero and is transferred
to the resonant capacitor. When ()2 turns ON, the energy
stored in the resonant capacitor (£, ) charges the output
capacitor C,, to its maximum voltage V,, max. Hence, the
energy delivered to the load is given by

1 1
Ec, = icoVOQ,max = Ec, + Ecr,eff - 7LTI§7€7T' @

2
2) Interval 2: As Q2 turns OFF, C, ¢ charges from zero to
v,
1 2
ECTYeff = ic'r,effvcr )

The resonant capacitor must reach V¢, . before the next
turn-ON of (07 occurs, which happens at ¢,. (as illustrated
in Fig. 4). This necessitates [V switching cycles of @4
to charge the resonant capacitor. Therefore, the energy
exchanges of a single switching cycle of ); are explained
from intervals 3 to 7.

3) Interval 3: During the turn-ON of (Q1, the energy stored by

the magnetizing inductance of LVT is modulated by PCM
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control is given as follows:

1
Eme - §melpk} f (6)

4) Interval 4: Some fraction of energy stored in Eme is
utilized to charge C'y ¢4y from —ny Vg to ve,. and is given
as follows:

1
ch,eff = §Cfveff (U%’,« - n%Vd%) : (7

5) Interval 5: The remaining energy stored in £y, is trans-
ferred to the resonant capacitor through the conduction
of Dy,. Therefore, the energy delivered to C. in one

switching cycle of Q1 is expressed by

EC’,‘,cycle - EL - Ec‘f’eff

mg

= %mefﬁk,f - %Cf,eff (v2, —niVi) - ®

6) Interval 6: During this interval, the energy stored by C'¢ ¢f
during interval 4 is circulated back to L, ,, and this energy
circulation ceases when the body diode of (); conducts,
i.e., when vg,. > nj V.

7) Interval 7: Upon the turn-ON of the body diode of )1, all
the energy stored in L,, , is transferred back to the source.
During this interval, the gating pulse for () is given,
ensuring ZVS turn-ONof ()1 via MVP control scheme.

The interval from 3 to 7 is iterated until vc, reaches Vg,

at ¢ty (as depicted in Fig. 4). Let vc, (t3) = vp, and vp41 is the
voltage attained by the resonant capacitor at the end of the first
switching cycle. The energy balance equation from interval 3 to
7 is expressed by

Ec,(p+1) = Ec,(p) + EL,y — Ecy wp+1) 9)

where E¢, () and E¢_ (1) represent the initial energy at ¢3 and
the energy attained by the resonant capacitor at the end of the
first switching cycle of Q1, respectively. Ec, (,+1) denotes the
energy utilized by C'f ¢ in the first switching cycle of Q1

Ec,(p+1) = 20 Vi1 (10)
1 2
Ee,m = 3Gy (an
1
Ecy 1) = 5Cren (vpn = niVie) - (12)
Putting (10)~(12) in (9),
1 1
ECT(P) + Ein = §C‘f7eff7]12)+1 —+ 7CTU;27+1
1 Cf,ett
= QOrva (1 + c, ) (13)
where
1
Ein = 5 (Lng Iy g+ 11VeCren) - (14)
Putting ¢ = (1+ ) in (13),
Ec.(p) + Bin — 4Ec,(p+1) = 0. (15)
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The energy balance equation of the first switching cycle of
(21 is represented by (15). Essential parameters for the design
and control of the resonant flyback converter are derived using
the energy equations obtained from (4) to (15), and they are
presented below.

A. Predicting the Value of vc, at t3

The value of v¢, at t3 is crucial in estimating the number of
switching cycles of ()1 needed to charge the resonant capacitor
before the turn-ON of Q2. From (4) and (5), the energy discharged
from C} ¢ is equal to the energy charged into C;. ¢ during the
switching transition of Q2

1 1
20 (’U - VC7 mm) - 207’,6“‘/62’%”]“ (16)

C,
Up = \/ éeffvcr max + VC%r,min =

ve, (t)- a7

B. Predicting the Minimum Peak Current Flowing Through
the Magnetizing Inductance of LVT to Charge the Resonant
Capacitor From Vi to Vo

r,min v max

During each switching cycle of ()i, the voltage vc, rises,
leading to an increase in E¢, , and a decrease in the energy
delivered to the load [as referred toin (7) and (8)]. Eventually, ata
certain pointintime, when Ec, . = Ep,, ,theenergy delivered
to the load becomes zero, causing v¢, to stop increasing. There-
fore, the minimum peak current flowing through the magnetizing
inductance of LVT can be determined from (20)

ELTnf = chvaf ’UCT:VCT,mux (18)
Lo ~ Lo (ve Vi (1
g tpk, f(min) = St \ VO T 11 Ve

C et (VC%r,mix - nl‘/;fc)
Tpk, f(min) = -

Lo,

If operated with the minimum peak current obtained in (20),
the voltage across the resonant capacitor charges to Ve, max.
However, this process will take longer than the maximum charg-
ing time defined in Section II-B), leading to uneven peak pulse
amplitudes, which is undesirable. To ensure that the charging
time remains within acceptable limits and that the power does
not exceed 150 W (refer Section I), an optimal peak current
through the magnetizing inductance of LVT must be designed.

C. Estimating the Optimal Peak Current Flowing Through the
Magnetizing Inductance of LVT to Charge the Resonant
Capacitor From V. to Vo Within Tepg(max)

v, min v max

From (8), the energy stored by the magnetizing inductance of
LVT is given by the following:
1
ELn, = Ec,eycte + 5Cfett (ve, —niVie). @D
The energy stored by the resonant capacitor to charge from
Ve  to Ve within Tipg(max) per switching cycle of Q1 is

7, min T, max
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given by

CT (VCZ,« max - VéT.lllill)
2Tchrg(max) le

(22)

Cr,cycle =

where fq, is the switching frequency of @);. Using (22) in (21),
putting ve, = Vg, ... and solving for I, ¢,

1
Tpis = 2E Crent (V& e = 73V2) ]
k. f \/Ufme Croae T Cfe (Ve Lo — M Ve
(23)

where 1) is the efficiency of the precharging stage of the resonant
capacitor and Iy, ¢ is the optimal peak current flowing through
the magnetizing inductance of LVT.

D. Estimating the Number of Cycles Required to Charge the
Resonant Capacitor Within Tcp g (max)

Equation (15) is rewritten by puttingp =p+ 1,p+2,...p+
Ny and solving all Ny equations to derive the equation for N}”’
switching cycles of ()1 shown in

Ec,() + Bin (1+q+¢+---+¢V ")

Ecr(p""Nf) = qu
(24
Thus,
log < E% Cr(p) >
N ﬁ ECT(P+N) (25)
d log(q)
where
E = 1C VE (26)
CT‘(pJ"N) - 2 T C'r',max.

E. Predicting the Increment in the Resonant Capacitor
Voltage Per Switching Cycle of Q1

Let, in a switching cycle of (1, the resonant capacitor voltage
increases by Avc, . Putting v, 11 = v, + Avg, in (13)

1 1
§CT1)127 + B, = §qC’T(Up + A'UCT)2 (27)
Ein — lC’ ’U2
= Avg, = Tin T o feftTp (28)
qCrvp

F. Predicting the Average Output Power and Pulse Load
Efficiency of the Converter

The average output pulse power and the efficiency of the
converter are obtained as follows:

PCO = Ppulse,pkﬂwhmeulse (29)

_ Ppulse,kafwhmeulse
0.5(me + lef)ng,fol

Ui (30)

where Fpyie,pi 15 the peak pulse power.
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G. Predicting the Change in the Resonant Capacitor Voltage,
Change in Ny and Change in the I}, ; in Response to Minor
Fluctuations in the Peak Pulse Voltage

The resonant capacitor will charge to the required voltage if
there is a slight decrement in the peak pulse voltage. However,
a slight increment in the peak pulse voltage necessitates greater
energy from the resonant capacitor, emphasizing the importance
of charging the resonant capacitor within a predefined time, as
determined by the charging time (Ttng).

Let the peak pulse voltage increase by Av,. Putting Vj, max =
Vo,max + Av, in

1
By = 5Co(Vo,max + Av,)?

(D)

1
Eg, = Bg, = Bog, + 5Ll (32)

The change in the energy of the resonant capacitor is given
by

AE¢, = E’CT —Ec,

= Covo,maxAU(r (33)
For a constant Vg, ., let Vg, . decreases by Avc, ...
Putting Ec, = E¢, + AveVomaxCo and Ve, o = Vo, 0 —
AUCT,nlin
Av, V. C
A = oVomax“o 34
Vormin = TGy, (34)

r,min

The minimum voltage attained by the resonant capacitor is
given by (Vo - Avg, ) IE (Ve — Ave ) >0,
then no change in I, ¢ is required to charge the resonant
capacitor within Teprgmay)- But if (Vg, .. — Ave ) <0, in
this case V¢, .. needs to be increased. Similarly approach is
followed for derivation of Avc,

7, min 7, min 7, min

r,min

_ AUOVOJIlaX C(O
C,\Ve '

Thus, the maximum voltage attained by the resonant capacitor
is given by (Vg, ... + Avc, ...). The new optimal peak current
is obtained by putting (Ve .. + Avg, ) in (22) and (23). The
instant (Ve, ... — Avg, ...) < 0 is detected by the controller
and it increases the peak current to the new optimal value, as
given in

1
! _ / 2 2772
(36)

Ave (35)

7, max
T, max

7, max

r,min

where

_V02 +M

2
Cr (Vcr,lnax romin C,

/ _
Croyele

2Tch7‘g(max) fQ] ’ (37)
The features of the energy-based model are summarized as
follows:
1) The proposed energy-based model is straightforward and
offers insights into energy circulation involving dominant
parasitics and energy exchanges.
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2) The proposed model optimizes the peak current through
a control computational block maintaining the charging
time and average power less than 150 W, thereby providing
programmability in the peak pulse voltage.

3) The proposed model predicts essential parameters such
as Ny, VCr,max’ Ve Iy, s, average output power, and
the efficiency of the converter while considering dominant
parasitics.

r,min ?

IV. PROPOSED CONTROL SCHEME

The resonant flyback converter operates using a hybrid control
scheme. Gating pulses for ()1 are derived from PCM and MVP
control, while for )2, they are derived from the PRR and FWHM
of the pulse voltage profile.

A. Conventional Peak Current and MVP Control

The green color box in Fig. 2 shows the conventional peak
current and MVP control scheme of the pulse generator. At t3,
(1 is turned ON, and current through ¢; begins to rise. Once
it reaches the set peak current reference (I, r), PCM control
scheme turns OFF )y (refer to Fig. 4). This is accomplished
by detecting the switch current via a CT and reducing it to an
equivalent voltage for the controller. During the interval ¢7 to tg,
as the voltage across 1 falls below V., its body diode turns ON
to transfer the energy stored in L, , back to the source. At this in-
stant, the gating pulses for turning ON () are provided to achieve
ZVS. This process involves sensing the voltage across ()7 and
input voltage V. using voltage sensors, and when vg, < Vg,
@1 is turned ON with a slight delay. This turn-ON sequence is
known as the MVP control scheme. In this control scheme, the
turn-OFF time for (), varies with the resonant capacitor voltage,
leading to a variable switching frequency of (); ranging from
JQ1min 10 fQy e+ This is due to the fact that as the resonant
capacitor voltage changes, the energy absorbed by the parasitic
capacitance also changes, resulting in varying energy being
transferred to the resonant capacitor in each switching interval
of @1 (see Section III-B). Therefore, precise sensing of vg, is
necessary to ensure precise turn-ON instant. This process repeats
in subsequent cycles until ve, reaches Vg, .., upon which the
peak current flowing through the magnetizing inductance of LVT
is reduced to I, #(min) to supply for the energy losses in the
parasitics (see Section III-B). This is achieved by sensing vc,.
through a voltage sensor. So, three voltage sensors and a current
sensor are required to implement conventional peak current with
MVP control scheme.

B. Proposed Predictive Variable Frequency Control Scheme

The proposed predictive control scheme of the pulse genera-
tor, depicted in the blue box of Fig. 1, is utilized to generate the
gating signals for both Q1 and ()5, as detailed in this section.

1) Sampler Block: The instantaneous output voltage of the
resonant capacitor (v¢, ) is sampled at every rising edge of the
turn-ON instant of (); and is taken to the computational block
for every kth sample, where k = 0,1, 2...Ny. The discretized
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ve, (t) is shown in the following:

Ly, 2, + (n1Vae)*Cren + Crvd, (k= 1)
ve, (k) = ’ .

Cr + Cretr
(38)
2) Computational Block: From Fig. 4, let,
t1 —to =t oo
ta —t3 =1, 01
ts =ty =1tn
te —t5 = tg
t7 —te = tr2
ts — t7 = tpa. (39)

The sensed resonant capacitor voltage v, (k), Trwhm and the
Fuise (obtained from the pulse voltage profile) is utilized to com-
pute all the timing intervals of the resonant flyback converter,
and arrive at the turn-ON and turn-OFF timing intervals for ();
and ()5 as detailed from

s
té)n,QQ =2 (T’fwhm - 3wT2) (40)
Ly, + Lig
on Q1 — MIP’%JC (41)
1 -, (k‘) ) ]
tr(k+1) = - 42
1( ) wy, { (nlwflef[m ¢ (42)
1 T
tall+1) = - (5 o) (43)
1 _ 11 Ve
tro(k+1) = |:7T—COS 1( )} (44)
D= 00, ()
ve, (k) .
tpalk +1) = ———— e teo(k 4+ 1 45
va(k +1) Ve Sn [wg, tra(k + 1)] (45)
where
wp = (ot (46)
" (L7 + ler)cr,eff
we = ! 47
h n1y/(Lin; + Liks)Crefr
1
wa = (48)
n1\/(me + Liky) C,
v 2
L= |12 .+ de (49)
pk.f (wfl (L, + me))
I L, +L
¢1 — taﬂ71 ( Pk7fwf1 ( f + lk’f)) (50)
Ve
- ve, (k) )
=tan ! | ———=— ). 51
” <”1wf2meka-,f eh
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The aforementioned time intervals from (41)-(45) are pro-
vided to the “MOSFET @1 Time Predictor Block” and the time
interval in (40) is provided to “MOSFET )5 Time Predictor
Block” to determine the gating pulses for @)1 and @5, respec-
tively.

3) MOSFET Q1 and Q2 Time Instant Predictor and Modu-
lator Block: The MOSFET () time predictor block predicts the
turn-ON and turn-OFF time instant for (; before sending it to the
modulator block. The turn-OFF time or the turn-ON instant for
k + 1th sample is defined as follows:

totr, 01 (k+1) =t (k+1)+ta(k+1)+ta(k+1)+atpa(k+1)
(52)
where
~ myVaeeos™ ! [ng Ve Jve, (k)]
W ve, (k)t,-g (k‘ + 1)
During the )7 body diode conduction interval (¢pq), the
turn-ON pulse to (), is provided. To achieve ZVS, the turn-OFF
duration is modulated by multiplying v with ¢34, ensuring that
the turn-ON instant occurs within ¢54. The remaining time inter-
val of ¢34 must be considered in calculating the turn-ON time.
Therefore, the turn-ON time or turn-OFF instant for the (k + 1)th
sample is specified in

ton,Q1(k+1) =t,, o1 +[1 — a]tya(k +1).

The switching frequency of () is calculated and provided in
the following:

forlk+1) =

(33)

(54)

1
ton,Ql(k + 1) + t(,ff_’Ql(k -+ 1)

where the minimum and maximum switching frequency are de-
termined by substituting £ = 0 and k = N into the expression
given in (55), respectively.

Similarly, the MOSFET ()5 time predictor block predicts the
turn-ON and turn-OFF time instant for () before sending it to
the modulator block. The turn-OFF instant to ()5 is delayed
by a factor 5 =1+ (5:1 ), ensuring ()2 turns OFF during the
body diode conduction interval (i.e., 1 to t3), ensuring ZCS.
Therefore, the turn-ON and turn-OFF time for ()5 is given in (56)
and (57), respectively

(55)

(56)

toft,@2 = Tpuise — Bton.ga- (57

The variables ton, 01 (k + 1), tor,01(k + 1), fsw,1(k + 1), ton. 02,
and tofr,2 are passed to the variable PWM modulator block,
which generates gating pulses for @; and Q2. Once v¢, (k)
reaches Vi, ., the peak current flowing through the magnetizing
inductance of LVT is reduced from Ipk,f 10 Ly £(min) tO cOM-
pensate for energy losses in the parasitics of the converter (refer
to Section III-B). Fig. 5 depicts the flowchart for the proposed
control scheme.

tOH,Q2 = ﬁt:)n,QQ

C. Proposed Control Scheme Implementation and Timing
Analysis

The proposed control scheme is implemented on the Texas In-
struments TMS320F28379D processor, featuring a system clock
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Fig. 5. Flowchart of the proposed control scheme.

frequency of 200 MHz and 12-bit analog to digital converters
(ADCs) operating at a maximum clock frequency of 50 MHz.
The voltage across the resonant capacitor is sensed and scaled at
every kth sample and fed to the ADC. The acquisition window
of the sample and hold is set to 180 ns to accurately capture
the kth sample data. After acquisition, the data are converted
into its digital equivalent by the 12-bit ADC. Typically, the start
of conversion (SOC) to end of conversion (EOC) for the ADC
requires 44 system clock cycles, equivalent to 220 ns (44 * 5 ns).
Hence, the digital equivalent of the resonant capacitor voltage
(ve, (k)) becomes available after ¢ (4. = 400 ns [as illustrated
in Fig. 6(a)].

The digital value is given to the computational block and the
MOSFET (); time predictor block, which computes the values
of ton,1(k + 1), tor,01(k + 1) and fg1(k + 1). The reference
signal value (Cg1 (k + 1)) and the counter peak value (71 (k +
1)) of ()1 are computed precisely in the modulator block and
the gating pulses for the k 4 1th sample is derived [see shown
in Fig. 6(a)]

fepwm clk
Q1(k+1) Fon(h 1) (58)
Cqi(k+1) = fepwm,cikton,1(k + 1) (59)

where  fepwm,cix 1S the ePWM  clock frequency of
TMS320F28379D, i.e., 100 MHz. Similarly, the computational
block and MOSFET (), time prediction block computes the
values of ¢y g2 and tof,Q2. The reference signal value (Cg2)
and the counter peak value (Tg2) of ()2 are computed precisely
in the modulator block, and the gating pulses are derived [as
shown in Fig. 6(b)]

f epwm,clk
f pulse

To = (60)
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Fig. 6. (a) Timing diagram and (1 gating pulse generation. (b) Q2 gating
pulse generation for the proposed predictive variable frequency control scheme.

CQ2 = fepwm,clkton,QQ . (61)

In this work, the total delay for predictive computation of
counter value and the reference signal value for both ()1 and Q)
(predictive) comes to be 1.44 us, resulting in a total computational
time delay of 1.84 us, as specified in the following:

tcomputation = t(k)adc + tpredictive . (62)

D. Control Complexity and Computational Burden

* Discretization of Time-Domain Parameters: The complex
time-domain equations for determining the turn-ON and
turn-OFF timings of ()1 and @), are discretized into the
z-domain using Laplace transforms and Bilinear transfor-
mations, facilitating their implementation in the DSP.

e Capacitor Voltage Sensing: To sense the resonant capacitor
voltage, an op-amp-based sensing circuit (TLO64ACDR
IC) is implemented in the hardware. The voltage is scaled
down from 0-300 V to 0-3.3 V, ensuring compatibility
with the input limits of the DSP.

* ADC Configuration and Implementation: The scaled reso-
nant capacitor voltage is sampled with a 180 ns acquisition
window. After acquisition, the dataare converted into its
digital equivalent by the 12-bit ADC with the SoC triggered
by an ePWM interrupt at every rising edge of G, .

e Predictive Algorithm: The predictive control algorithm is
implemented in ePWM ISR, which was configured for
the ADC SoC. The algorithm takes the digital value of
the sampled resonant capacitor voltage, Tiwhm and Fpyise
to compute the values of t,,, g1(k + 1), torr.01(k+ 1),
le(k + 1), ton}QQ(k + 1) and toff’Qg(k’ +1).
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Memory Allocation
Project 'NPTELPus" Link successful

RAMMO 137 (18%) 733
RAMLSO 2047 (99%)
RAMLS1 625 (30%) 2,048|
RAMLS2 2,048|
RAMLS3 2,048|
RAMLS4 2,048|
RAMDO 2,046 (99%) |
BOOT_RSVD 289
RAMM1 512 (50%) 1016
PIEVECTTABLE 448 (87%) 512
EPWM4 256 (100%)
EPWMS 256 (100%)
ADCA 124 (96%) 28

Fig. 7. Memory allocation in the F28379D DSP for the proposed predictive
control implementation.

e Gating pulses generation for Q1 and Q2: In F28379D, the
TBCTR (Time Base Counter) resister generates the carrier
signal with its peak values stored in TBPRD (Time Base
Period) resister and the clock stored in TBCLK (Time base
clock) register. The CMPA (Compare A) register holds the
reference signal value. In order to generate the gating pulses
for 01, TBPRD and CMPA for (), are assigned to T, (k)
and Cg, (k), respectively. Similar assignments apply to (.

e Protection: The ePWM Trip Zone module monitors the
resonant capacitor voltage and disables the ePWM if over-
voltage or overcurrent conditions occur, protecting the
converter from abnormalities.

Fig. 7 illustrates the computational burden and memory al-
location across key memory regions in the F28379D DSP.
The predictive control algorithm is executed on RAMLSO and
RAMLSI1, while ADCA converts the resonant capacitor voltage
into its digital equivalent. EPWM4 triggers the SoC for ADCA
and generates gating pulses for ;. EPWMS handles gating
pulses for Q2. The EPWM4 interrupt is enabled in PEVECT-
TABLE. RAMMO, RAMDO, and RAMMI1 manage system ini-
tialization, GPIO setup, and ePWM Trip Zone functions. The
memory footprint for these operations is approximately 9.15
kB, utilizing 0.915% of the available 1 MB memory in DSP.

V. DESIGN GUIDELINES

The design guidelines of the HV pulse generator are shown
in this section.

A. Resonant Capacitor (C}.), Resonant Inductor (L,) and
Turns Ratio of HVT (ns)

The turns ratio of the HVT is chosen based on the stress on
@2 and is specified in (63). The value of C. is determined from
the energy balance equation presented in (4) and is provided in
(64). The resonant capacitor charges up to a maximum value of

Ve, .. and is given in (65)
VO max
N2 = ’ (63)
? Vcr,max —0Q, ‘/bd,QQ

CO ‘/O max 2
Cr=—\v -C 64
% (VCT,max Q2 (64)
Ve _ Vomax (73 (Co + Cur) + Cr] (65)

r,max 27’l2 Cr 2 o wr r
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where o, is the margin factor (typically < 1), V34,02 is the
break down voltage of ()2 and x is the energy efficiency factor for
resonant capacitor (usually < 1). By solving (63), (64), and (65),
the value of ny and C,. are determined. The value of the resonant

inductance (L, ) is determined by using (1) with w,, = 72,” .

B. Magnetizing Inductance (L, , ) and Turns Ratio (ny) of LVT

The magnetizing inductance of LVT (L, ) is selected based
on the minimum and maximum switching frequency of @)1 as
obtained from (55), and the energy released by L., during
charging of the resonant capacitor from Vg, . to Vg, = as
detailed in (7) and (8). The turns ratio n, is chosen based on the
voltage stress experienced by ()1 and Dy, and is determined
from the maximum and minimum turns ratios specified in (66)
and (67), respectively

(0D Vba,0) = VC, 1
Ve
Ve

— 7, max (67)
(0Q1-Vba,@1) — Vae — Vikp

N = (66)

max

nlmin

where Vy,, is the voltage spike caused due to L,y and C' s,
0g1 and op are the margin factor (< 1), and Vyq p and Viq,01
is the breakdown voltage of Dy, and )1, respectively.

C. Parasitics of the Pulse Generator

In Fig. 2, the key parasitics are highlighted in red. These dom-
inant parasitics include the switch node parasitics, as well as the
leakage inductance and winding capacitance of the transformers.
The values for these parasitics are detailed in this section.

1) Leakage Inductance of LVT and HVT: To determine the
true leakage inductance, a soldered short circuit is applied to the
secondaries of both the HVT and the LVT. The LCR meter is
then connected to the primary windings of the transformers. The
inductance value measured by the LCR meter is recorded as the
true leakage inductance. The measured values for Ly, r and Ly,
are 183 nH and 30 pH, respectively.

2) Winding Capacitance of LVT and Switch Node Capaci-
tance of Q1 and Dy,,: To determine the winding capacitance of
LVT, a single gating pulse is applied to ()1 while no pulse was
applied to (2. As shown in Fig. 8, once v¢, increases and settles,
the voltage across (); oscillates with frequency fosc ¢ = ﬁw
= 666.67 kHz. This oscillation occurs because the residual
energy in C’ o oscillates with L,,, r. Hence, the value of C'
is obtained in the following:

1
(27Tn1fosc7f>2me .

IMW120R220M1H type SiC MOSFET and GP3D005A170B
type SiC diode is used for @)1 and Dy, respectively. The value
of switch node capacitance of ()1 and Dy, is determined from
the data sheet of the components. Thus, the value of the winding
capacitance of LVT is obtained in

Co1

Cuwf = Cyei — —5 — Chwa-
ny

Cett = (68)

(69)
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Fig. 8. Experimental results determining the equivalent flyback parasitic

capacitance (C'f fr).
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Fig. 9. Experimental results determining the equivalent resonant parasitic

capacitance (Ci- efr).

3) Winding Capacitance of HVT and Switch Node Capaci-
tance of Q2 To determine the winding capacitance of HVT, a
single gating pulse was applied to Q2 while no pulse was applied
to Q1. Asshown in Fig. 9, the voltage across the secondary termi-

nals of the HVT (v,,) oscillates with frequency fosc,r = L —

Atosc,r
13.34kHz. Hence, the value of C), ¢ is obtained in the following:
C L (70)
reff = —————— 5 -
‘ (27TfOSC77‘>2LmT

IMW120R220M1H type SiC MOSFET is used for )5 and the
value of switch node capacitance of ()5 is determined from the
data sheet of the component. Thus, the value of the winding
capacitance of HVT is obtained in the following:

CDCO CQZCT,eff
Co+Cp  n3(Coz— Crer)’

er = (71)

D. Effect of Nonlinearity in the MOSFET and Diode Parasitics

During steady-state operation, to obtain a pulse output of
—2.5 kV, the voltage across the resonant capacitor ranges from
150 to 105 V. As a result, the drain-to-source voltage across
MOSFET Q1 (v, ) varies from 62.88 to 52.41 V. The high-voltage
diode (Dy,,) experiences voltages ranging from 270.4 t0 225.4 V,
and Dy, consistently has 2.5 kV. The maximum drain-to-source
voltage across MOSFET Q2 (vg,) is 150 V.

The MOSFETs Q1 and ()2 are SiC devices (Part number
IMW120R220M1H), and the diodes Dy,,, and Dy, are SiC Schot-
tky diodes (Part number GP3D010A170B), with D, configured
with three diodes in series to achieve the necessary breakdown



KULDIP AND N: ENERGY-BASED ANALYSIS AND PREDICTIVE VARIABLE FREQUENCY CONTROL SCHEME

TABLE I
POWER SUPPLY REQUIREMENTS FOR PPT

Peak pulse voltage (Vo max) 250V to 2.5kV
Pulse width or FWHM (T’ oy nim ) 20 us
Rise time (T;se) 10us
Pulse repetitive rate (Fpqise) 1000 Hz
Average pulse power (Pc,) 140 W @2.5kV
Input voltage (V) 28V

TABLE II
DESIGNED AND CONTROL PARAMETERS OF THE HV PULSE GENERATOR

Resonant inductance (L) 35uH

Resonant capacitance (C) 0.3uF

Turns ratio of HVT (n2) 10
Magnetising inductance of LVT (L ;) 25 uH

Turns ratio of LVT (n1) 5

Winding capacitance of HVT (C'yr-) 282.8 pF
Winding capacitance of LVT (C., ) 70.7pF
Optimal peak current of Q1 (Ipg, f) 3.5A
Switching frequency of Q1 33-142kHz
Turn-on time of Q2 15 us
Switching frequency of Q2 1kHz

voltage. From the datasheets of the MOSFET and diode, the para-
sitic capacitance of the MOSFET () remains nearly constant be-
tween 62.88 and 52.41 V and similarly, the diodes’ capacitance
is steady between 270.4 and 225.4 V at a fixed operating point.
The values of the parasitic capacitances in ()5 and Dy, do not vary.
However, capacitance does vary with different operating points,
and this variation is integrated into the control model using
a curve-fitting technique based on the parasitic characteristics
of the MOSFETs and diodes. This approach improves control
accuracy and enhances the predictive performance of the system.

E. Parametric Values of the Pulse Generator

The specifications for the power supply of the PPT are pro-
vided in Table I. The parameters for the HV pulse generator, as
derived from the design guidelines and the energy-based model
(refer Section III), are listed in Table II.

VI. EXPERIMENTAL VERIFICATION

The HV pulse generator prototype for the PPT is built and
depicted in Fig. 10. The proposed energy-based model and
predictive control scheme are experimentally validated based
on the specifications provided in Tables I and II.

Fig. 11 illustrates the pulsed output of —2.5 kV with a PRR of
1000 Hz, achieved with the proposed control scheme enabled.
The MOSFET ()5 time predictor block accurately calculates the
turn-ON time for ()2, as indicated by G, using the FWHM
(Ttwhm) and PRR (Fpyie). During the gating pulse to ()2, the
voltage across the resonant capacitor (v¢, ) decreases from 150
to 102.5 V and subsequently charges back to 150 V before the
next gating pulse to (). The charging time (T¢pyg) is 562.5
us, significantly shorter than the maximum allowable charging
time (Tehremax)) Of 980 ps. A consistent peak current of 3.5
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Fig. 10.  Experimental setup for HV pulse generator with proposed predictive
control technique.

| |[«— Ga.: R0 V/div || |

1 Tenry = 562.5ps |

E// Vg J: 25 V/div V/ V

L | Toutae + 10005 |

[ T™~wvg 1kV/div ‘/ /

iy X [Scale:| 250 us/div

Fig. 11.  Experimental steady-state waveforms of the HV pulse generator at a
—2.5 kV pulsed output, showing Gq.,,, v¢,. and v,.

A is maintained to achieve the charging of C,.. The average
output pulse power is calculated as 139.68 W, aligning with the
specifications listed in Table I.

Fig. 12 shows a single switching cycle of ()2, highlighting
a pulse rise time (7iis) of 10us and a FWHM of 20us, which
aligns with the specifications in Table I. The output voltage (v,,)
decreases from 0.16 * V,, . to zero, oscillating at a frequency
fose,r» as detailed in Section V-C3, due to the energy exchanges
between the parasitic capacitances and the magnetizing induc-
tance of the HVT.

Fig. 13 shows the resonant inductor current achieves a peak
current (I, ) of 2.7 A. Q)2 is turned OFF during the negative
ir,,. current, indicating ZCS turn OFF of (). Fig. 14 illustrates
the charging of v¢, from Vg, . to Vi, - with the proposed
control scheme enabled. The MOSFET ()1 time predictor block
accurately calculates the turn-ON and turn-OFF times for @)1, as
indicated by G, , using the sampled resonant capacitor voltage.
v, 1s sampled at the kth instant, and the turn-ON and turn-OFF

7,min
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Fig. 13.  Experimental steady-state waveforms of the HV pulse generator at a
—2.5 kV pulsed output, showing i, and v, .
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Fig. 14.  Experimental waveforms of the charging of voltage across the reso-
nant capacitor (v¢,.) from Vo 0 V@, 1 » indicating G, andig, .

7,min

times for the (K + 1)th instance are predicted by the MOSFET
()1 time predictor block. The predictive control achieves PCM
control for turning OFF )7 and MVP control for turning on ()4
with ZVS. The number of cycles (INy) required to charge the
resonant capacitor is 37, which is consistent with the equation
given in (25).

Fig. 15(a) shows a comparison between the actual and pre-
dicted turn-ON times of ()1, with observed errors ranging from
0.1% to 1%. Similarly, Fig. 15(b) compares the actual and pre-
dicted turn-OFF times of (), with errors ranging from 3% to 4%.
In addition, Fig. 15(c) presents a comparison between the actual
and predicted frequencies of ()1, with errors ranging from 2.5%
to 3%. This error in the turn-ON, turn-OFF time and frequency
calculation is minimal and attributed to the discretization of
sensed parameters and the resolution or step size of the digital
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Fig. 15. (a) Turn-ON time of ()1, (b) turn-off time of )1, (c) frequency of Q1
with respect to switching cycles of Q1.
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Fig. 16.  Experimental waveforms of charging of the resonant capacitor for
Tpk,f > Ipk, £(min) a0d Tpk, < Ipk, £ (min)-

up counter. The error in the predicted values does not impact
Ny, so the charging process remains largely unaffected.

As shown in Fig. 16, until ¢,, I} r is maintained at 3.5 A,
and vc, is charged to Vo, .. within 562.5 us. Once vc, reaches
Ve, ma> Ipk,f 18 reduced t0 Iy r(min) = 0.8A to supply for the
circulating energy of C'y cfi. Atty, Iy s is further reduced to less
than Iy, ¢(min)» specifically to 0.5 A, causing v, to fall short of
reaching the desired Vi, before the next gating pulse of Q».
This leads to a decrease in the output peak pulse amplitude.

To achieve programmability in the pulsed output voltage,
the voltage across the resonant capacitor is varied by varying
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Fig. 17.  Experimental waveforms for programmability in the peak voltage of
the pulse generator.
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Fig. 18. Experimental waveforms of predictive control scheme operation in
transient condition.

the peak current of Q1. Fig. 17 illustrates the experimental
waveform of programmability in the pulse generator’s peak
output voltage. The peak current reference in DSP is converted
to a scaled analog voltage (0 to 3 V) by the built-in DAC, and
is displayed in green as i f(rcs)- Initially Iy ¢irey) is set to
2 A (i.e., analog equivalent of 1.2 V), producing a peak output
voltage of —1.5 kV. A linear ramp variation in Iy, ¢ () from 2
to 3.5 A over 1.5 ms raises the peak output voltage to —2.5 kV.
The zoomed view highlights that two switching cycles of Qo
are required to stabilize at the desired voltage, marked in blue
in Fig. 17.

Fig. 18 illustrates the experimental results obtained by in-
troducing a step change in the peak current, which is done to
assess the system’s dynamic response and the performance of
the proposed predictive control scheme. Until £, the predictive
control scheme accurately predicts the turn-ON and turn-OFF
times for Q1. At t,, I s is changed from 3.5 to 2 A. During
this period, the predictive control is temporarily suspended for a
minimum of two cycles, and the converter operates in a constant
duty control mode. Predictive control is re-enabled at ¢, with
the updated I, s, ensuring a seamless transition back to the
control scheme.

Effect of Magnetizing Inductance (L. ,) Tolerance: The
effect of magnetizing inductance tolerance is examined at a pulse
voltage of —2.5 kV, with variations ranging from the nominal
inductance value to an additional 20% of the nominal value,
while maintaining C'. constant. To verify experimentally, a SuH
inductor is connected in series with L, ., and its value is adjusted
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by changing the number of turns. The turn-ON and turn-OFF
timing errors of ()7 are plotted as a function of the inductance
variation in Fig. 19. Due to the variation, a maximum turn-ON
error of 110 ns results in a minimal peak current deviation of
5.71% at an operating point of —2.5 kV. Despite a maximum
turn-OFF error of 80 ns, ZVS turn-ON for (), is consistently
maintained in converter operation. Hence, the impact of turn-ON
and turn-OFF timing errors in ()1 on overall efficiency is minimal.

Effect of Resonant Capacitance (C'.) Tolerance:

The most significant factors influencing capacitance varia-
tions in resonant circuits are temperature, high voltages, high
frequencies, and high rates of voltage change [34]. In the pro-
posed converter, the resonant capacitor operates at a temperature
of 30 °C, with a maximum voltage of 150 V at 142 kHz, and arate
of change in voltage of 0.085 V us~!. Under these conditions,
capacitance variations and inaccuracies are minimal. A small
variation in the resonant capacitance, ranging from nominal
values to &= 5%, is introduced while keeping all other parameters
constant. The resulting turn-ON and turn-OFF timing errors are
shown in Fig. 20. The errors are in the range of 10 to 50 ns, which
are negligible compared to the turn-ON and turn-OFF times of Q)1 .

The effect of L,. and C,. variations can be minimized by track-
ing wy, using the capture module of the TMS320F28379D [32].

Effect of variation of Load Parameters (R, and C,):

In plasma ionization circuits, the values of R, and C, fluc-
tuate under high-voltage pulse conditions due to plasma effects
altering both parameters. It is essential to evaluate the impact
of load parameter tolerance at a pulse voltage of —2.5 kV. The
variation of C, is considered from the nominal value up to an
additional 15%, and the variation of R, from the nominal value
up to an additional 40% [33]. The variations in R,, affect the fall
time of the pulse but do not influence prediction accuracy. In
contrast, variations in C, do impact the prediction accuracy of
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pulse voltage of —2.5 kV.

Q2 [refer to (56) and (57)]. Therefore, the turn-ON timing errors
of ()5 are plotted as a function of variations in C, in Fig. 21.

As C, varies, the turn-ON timing error of (- also changes and
remains minimal, within the nanosecond range, demonstrating
the accuracy of the predictive control. Even with a maximum
turn-ON error of 145 ns, the algorithm consistently ensures
zero-voltage switching (ZCS) turn-OFF for ()2 throughout the
operation of the converter. The effect of C,, variations can be
minimized by tracking w,, using the capture module of the
TMS320F28379D [32].

Loss Analysis for the pulse generator:

The average power loss analysis is performed based on the
PPT specifications in Table I and the parameters listed in Table II.
RMS and average current values are derived from the voltage
and current waveforms, while core losses of the HVT and LVT
are referenced from the manufacturer’s datasheet. These data
points enable the computation of the loss components for the
proposed converter. Fig. 22 compares the power loss breakdown
of the proposed converter with and without soft switching. The
conduction and switching losses of )1 and ()5 are denoted as
P,,, and Py, respectively. Transformer losses in the HVT and
LVT, including contributions from leakage inductance, winding
resistance, and core loss, are represented as F; y. The conduction
losses in the diode Dy, and Rp are denoted as Pp,  and Pr,,,
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respectively. Additional losses, such as control circuit losses
and conduction losses in L,, are grouped under Pyper- A 4%
improvement in efficiency is achieved with soft switching, which
reduces switching losses compared to hard switching, resulting
in lower heat dissipation and enhanced overall converter perfor-
mance.

Pulse Load Efficiency: Conventional peak current and MVP
control systems use three voltage sensors and one CT. For
low-power converters, even a slight loss in power can sig-
nificantly degrade efficiency. Given a peak pulse voltage of
—2.5 kV at a power of 140 W, the MOSFET (> must handle
approximately 4 A of peak current. With the P8202NLT CT,
which has a dc resistance of 0.55 €2, the conduction loss per CT
is about 2.2 W, resulting in a 1.57% reduction in efficiency. The
proposed scheme eliminates the need for additional CTs and
high-bandwidth current sensors, thereby enhancing power con-
version efficiency by avoiding conduction losses. Consequently,
the pulse load efficiency, calculated using (30), is observed to
be 93.29%.

VII. CONCLUSION

This article proposes a resonant flyback topology for a
high-voltage pulse generator tailored for PPT applications. An
energy-based model is utilized to evaluate the impact of para-
sitics and arrive at the essential design and control parameters
of the converter. To ensure a consistent pulse voltage profile,
Ipk,y is always maintained greater than Ip r(min). Based on
insights from the pulse load profile, a predictive control scheme
is introduced for the variable frequency HV pulse generator for
precise turn-on and turn-off instants of (), and Q5. The energy-
based model and predictive control scheme are experimentally
validated for a pulse load of —2.5 kV with a PRR of 1000 Hz
and pulse width of 20 us, fed from an input voltage of 28 V dc.

The proposed control scheme achieves precise tracking of the
MOSFET turn-ON and turn-OFF instants, reducing timing errors
to less than 5% compared to conventional control methods.
Although conventional control techniques achieve lower tim-
ing error than the proposed predictive control, the proposed
approach eliminates the need for CT or LEM-based current
sensors; thereby improving the efficiency, reducing the cost, and
simplifying the converter design. In addition, the low computa-
tion time for control implementation (< 2us or less) enables
the converter to operate at high frequencies, thereby enhancing
the overall power density of the system. The computation time
can be further reduced by leveraging the trigonometric math
unit (TMU) and control law accelerator (CLA) available in
TMS320F28379D.
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