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MULTI-LEVEL HYSTERESIS VOLTAGE CONTROLLERS FOR VOLTAGE
MODULATORS AND METHODS FOR CONTROL THEREOF

TECHNICAL FIELD
[0001] The present disclosure relates to power electronic circuits, and more particularly to multi-

level hysteresis voltage controllers for voltage modulators and methods for control thereof.

BACKGROUND
[0002] Voltage modulators have been used widely for broadcast, medical, industrial and research
applications. The most common voltage modulation techniques include Pulsed Step Modulation,
Coarse Step Modulation, Pulsed Width Modulation, and hybrid modifications thereof.
[0003] These common modulation techniques have several drawbacks. For instance, these
common modulation techniques are linear methods that require a proportional-integral (PI)
controller with an additional feedforward loop in a control system to estimate a modulation index
or duty cycle at every step of discretization. In addition, low frequency pulsations of output
voltage usually occur in these common modulation techniques due to unbalance of DC-link
voltages, variation in parameters of passive elements, and deviations of duty cycles of series
connected modules. Lastly, there is a strong correlation between parameters of the PI-controller
and load parameters in these common modulation techniques. Therefore, if load characteristics
change rapidly and over a wide range, then the PI-controller is not capable of operating efficiently
and fast enough to minimize a control error in transient periods.
[0004] Hysteresis is a phenomenon in which the response of a physical system to an external
influence depends not only on the present magnitude of that influence but also on the previous
history of the system. Expressed mathematically, the response to the external influence is a
doubled-valued function; one value applies when the influence is increasing, while the other value
applies when the influence is decreasing.
[0005] Among existing control techniques, nonlinear hysteresis band voltage control remains the
simplest and fastest method. Beyond a fast response of a voltage control loop, the nonlinear
hysteresis band voltage control method does not require any knowledge of variation of load
parameters. However, the hysteresis voltage control technique for voltage modulators becomes
increasingly complicated with an increased number of power cells connected in series.
[0006] In view of the foregoing limitations, it is desirable to provide a multilevel hysteresis voltage
controller (MHVC) for voltage modulators having any number of series connected power cells

while providing very accurate voltage regulation in a wide range of load parameters fluctuations.
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SUMMARY
[0007] The embodiments of the present disclosure are directed to systems and methods that
facilitate simple and effective multilevel hysteresis voltage control methods for cascaded
multilevel voltage modulators. In embodiments, a cascaded multilevel modulator comprises a
plurality of power cells connected in series and has any positive integer number of output voltage
levels to quickly, effectively, and precisely control any unipolar voltage on the load of the voltage
modulator, and transfer electrical power from an electrical grid via AC/DC converters or directly
from energy storage elements of the power cells to that load. The embodiments are also directed
to a method of operational rotation of the power cells of a multilevel voltage modulator, which
ensures an equal power sharing among the power cells and voltage balancing of the energy
storage elements of the power cells of the modulator.
[0008] The embodiments presented herein may advantageously be used in a variety of applications
in which voltage regulated modulators are employed. Examples of such applications may include,
without limitation, power electronics circuits comprising: electrode biasing power supplies for
Tokamak and FRC plasma reactors; power supplies for neutral beam injectors; magnetron
modulators; klystron modulators; E-gun modulators; high power X-ray power supplies;
mediumwave and longwave transmitters; and shortwave solid-state transmitters.
[0009] Other systems, methods, features and advantages of the example embodiments will be or
will become apparent to one with skill in the art upon examination of the following figures and

detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] The details of the example embodiments, including structure and operation, may be gleaned
in part by study of the accompanying figures, in which like reference numerals refer to like parts.
The components in the figures are not necessarily to scale, emphasis instead being placed upon
illustrating the principles of the disclosure. Moreover, all illustrations are intended to convey
concepts, where relative sizes, shapes and other detailed attributes may be illustrated schematically
rather than literally or precisely.
[0011] FIG. 1 illustrates a schematic of a multi-level voltage modulator according to
embodiments of the present disclosure.
[0012] FIG. 2 illustrates an exemplary multi-level hysteresis voltage controller according to
embodiments of the present disclosure.
[0013] FIG. 3 illustrates an exemplary voltage level estimator according to embodiments of the

present disclosure.
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[0014] FIGS. 4A, 4B, 4C and 4D illustrate exemplary operation of an exemplary voltage level
estimator according to embodiments of the present disclosure.

[0015] FIG. 5 illustrates an exemplary switching pattern generator according to embodiments of
the present disclosure.

[0016] FIG. 6A illustrates an exemplary 1VDC rotation block according to embodiments of the
present disclosure.

[0017] FIG. 6B illustrates an exemplary 2VDC rotation block according to embodiments of the
present disclosure.

[0018] FIG. 6C illustrates an exemplary 3VDC rotation block according to embodiments of the
present disclosure.

[0019] FIG. 6D illustrates an exemplary 4VDC rotation block according to embodiments of the
present disclosure.

[0020] FIG. 6E illustrates an exemplary (N-1)VDC rotation block according to embodiments of
the present disclosure.

[0021] FIGS. 7A, 7B, 7C and 7D illustrate exemplary operation of an exemplary switching
pattern generator according to embodiments of the present disclosure.

[0022] FIG. 8 illustrates exemplary switching and Levels signals for an exemplary seven (7)
level voltage modulator according to embodiments of the present disclosure.

[0023] FIGS. 9A, 9B and 9C illustrate simulation results of operation of the exemplary seven (7)
level voltage modulator according to embodiments of the present disclosure.

[0024] FIGS. 10A, 10B and 10C illustrate simulation results (zoomed traces) of operation of the
exemplary seven (7) level voltage modulator according to embodiments of the present disclosure.
[0025] FIGS. 11A, 11B and 11C illustrate exemplary experimental results of operation of an
exemplary seven (7) level voltage modulator operated with active electrodes of diverts of an FRC
reactor and according to embodiments of the present disclosure.

[0026] FIGS. 12A, 12B and 12C illustrate exemplary experimental results of operation of an
exemplary seven (7) level voltage modulator operated with active electrodes of diverts of an FRC
reactor and according to embodiments of the present disclosure.

[0027] It should be noted that elements of similar structures or functions are generally represented
by like reference numerals for illustrative purpose throughout the figures. It should also be noted

that the figures are only intended to facilitate the description of the preferred embodiments.
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DETAILED DESCRIPTION
[0028] The following embodiments are described in detail to enable those skilled in the art to
make and use various embodiments of the present disclosure. It is understood that other
embodiments would be evident based on the present disclosure, and that system, process, or
changes may be made without departing from the scope of the present embodiments.
[0029] In the following description, numerous specific details are given to provide a thorough
understanding of the present embodiments. However, it will be apparent that the present
embodiments may be practiced without these specific details. In order to increase clarity, some
well-known circuits, system configurations, and process steps may not be described in detail.
[0030] The drawings showing embodiments of the present disclosure are semi-diagrammatic and
not to scale and, particularly, some of the dimensions are for the clarity of presentation and are
shown exaggerated in the drawing Figures.
[0031] The embodiments of the present disclosure are directed to systems and methods that
facilitate simple and effective multilevel hysteresis voltage control methods for cascaded
multilevel voltage modulators. In embodiments, a cascaded multilevel modulator comprises a
plurality of power cells connected in series and has any positive integer number of output voltage
levels to quickly, effectively, and precisely control any unipolar voltage on the load of the voltage
modulator, and transfer electrical power from an electrical grid via AC/DC converters or directly
from energy storage elements of the power cells to that load. The embodiments are also directed
to a method of operational rotation of the power cells of a multilevel voltage modulator, which
ensures an equal power sharing among the power cells and voltage balancing of the energy
storage elements of the power cells of the modulator
[0032] In embodiments, an exemplary multilevel hysteresis voltage controller (MHVC) has a
robust structure, which is free from the above-mentioned drawbacks and does not have any
additional regulation loops other than a voltage hysteresis loop. The output voltages of all power
cells of the voltage modulator are adjusted dynamically and in an automated manner by MHV C to
maintain a minimum preset value of output voltage regulation error, excluding an influence of
variation of parameters of passive components and the propagation delays of control signals on the
output voltage oscillations. There are three major and interlinked tasks that are performed by the
MHVC: 1) maintenance of an voltage modulator’s output voltage within the preset boundaries of
regulation error; 2) identification of appropriate output voltage level at any moment of time; and 3)

rotation of the power cells.
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[0033] Embodiments are directed to a fast MHV C design which can be realized on any FPGA or
similar design component and can be operated at a high clock rate (tens of megahertz). The design
comprises a hysteresis block, a voltage level estimator as described herein, and a switching pattern
generator as described herein.

[0034] FIG. 1 illustrates a schematic of a multi-level voltage modulator (voltage modulator) 100
according to embodiments of the present disclosure. A multi-level voltage modulator 100 is
connected to a three-phase grid 101 on a lower voltage side and to aload 102 on higher voltage
side, as well as a control system 105 having a MHVC. Functions of the control system 105 may
be implemented using either software or hardware processors including software routines,
hardware components, or combinations thereof.

[0035] The exemplary multi-level voltage modulator 100 comprises N series connected cells
103A-103N, where each cell 103A-103N comprises a secondary winding of isolation transformer
(Vseen) 106A-106N connected to a three-phase diode bridge (DBn) 107A-107N, a capacitive
storage element (Cpcn) 108 A-108N on a DC side (DC-link) of the DBnx 107A-107N, and a standard
buck converter with an active bidirectional switch (Sx) 109A-109N (e.g., for high voltage
modulators the Sx may include IGBT with freewheeling diode, while for lower voltage modulators
the Sx may include low voltage MOSFETS) and a diode (Dx) 110A-110N. It will be appreciated
that N is a positive integer. Each cell 103A-103N may also be equipped with an optional LCR filter
(Lrn, Crn, Ren) 11A-111Nat its output and the voltage modulator 100 may also be equipped with
an optional CR filter (Cro, Rro) 113 at its output. The DC-links of all of the power cells 103 A-
103N are isolated from each other at the maximum load voltage level by means of a three-phase
multi-winding transformer (Vsecn) 106A-106N.

[0036] The voltage modulator 100 is assumed to be working in continuous mode, transferring the
energy from the three-phase grid 101 to the load 102. It is also possible to operate the voltage
modulator 100 completely disconnected from the grid 101 for a certain period of time using the
energy accumulated in the storage elements (e.g., capacitors, supercapacitors, batteries) 108A-
108N of the cells 103A-103N if the voltage on the storage elements 108 A-108N is not
significantly reduced during an operational time in order to maintain a desired output voltage on
the load 102.

[0037] Each DC-link voltage of the voltage modulator’s 100 power cells 103A-103N of the
voltage modulator 100 may be considered a DC voltage source of a fixed magnitude (VCpcx)
which, in practice according to certain embodiments, may be on the order of 12 to 1200 Volts. The

total voltage across the series connected power cells 103A-103N (i.e., between terminals OUT+
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104A and OUT- 104B) is dependent upon the number of cells that have been turned on by closure
of the associated switches S1 through Sx 109A-109N. For example, if all of the switches S1 through
Sn 109A-109N are closed at the same time, then all of DC-link storage elements (e.g., capacitors)
with voltage Vpci-n are connected together in series and added together (i.e., summed) to provide
an output voltage equal to N times voltage Vpci~. If each DC-link voltage source Vpci~ has a
value on the order of 800 Volts and N is on the order of 20, then the total output voltage of the
voltage modulator 100 may be on the order of 16,000 Volts.

[0038] If the switch Sx 109N in the power cell 103N is open (i.e., not in conducting mode) then
this particular cell is “bypassed” and its output voltage is zero. Thus, the output voltage of the
voltage modulator 100 can be synthesized and modulated by the number of cells that are tumed
ON and OFF.

[0039] Referring to FIG. 1 to contrast, in the standard Pulse Step Modulation (PSM) technique, if
there are N power cells in series in a voltage modulator and each cell has a commutation period
T(s), the switch S1 of CELL 1 will be switched on at time t1, but the switch S2 of CELL 2 is turned
on T/n (s) later than the first one, the third (S3) is turned on 2T/n(s) later than the second (S2), and
so on. This rotation method of PSM ensures very low ripples at the output of the voltage modulator,
as their amplitude is reversely proportional to the frequency of AC component fac of the output
voltage of the voltage modulator. All power cells are switched at the same fixed switching
frequency fsw, then fac=N*fsw.

[0040] Regulation of the output voltage using PSM is performed via linear regulation concepts
(PI, feedforward or their combination) by calculating the required number of power cells which
have to be turned on (Coarse Step Modulation), and/or regulation of duty cycle D (Pulse Width
Modulation), which has to be the same for all power cells in case the passive components (Coc, Lr,
Rr, Cr) of all power cells are absolutely identical, the stray capacitances are the same, as well as
the propagation delays of the control signals. However, in reality all passive components always
have a slight variation of parameters, and the propagation delays of control signals for power cells
are not always the same. As a result, each power cell has to be switched on with a different required
duty cycle Dn, which has to be corrected in PSM based control system by additional regulation
loop using a DC-link voltage feedback signal. Moreover, additional adjustment of turn on times t1,
12...tN can be necessary to eliminate the low frequency oscillations of output voltage of the voltage
modulator.

[0041] As discussed above, embodiments herein are directed to a multilevel hysteresis voltage

controller (MHVC) having a robust structure, which is free from the above-mentioned drawbacks
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and does not have any additional regulation loops other than a single voltage hysteresis loop. The
output voltages of all power cells 103A-103N of the voltage modulator 100 are adjusted
dynamically and in an automated manner by the MHVC to maintain a minimum preset value of
output voltage regulation error, excluding an influence of variation of parameters of passive
components and the propagation delays of control signals on the output voltage oscillations.
[0042] FIG. 2 illustrates an exemplary multi-level hysteresis voltage controller 200 of the control
system 105 (see FIG. 1) according to embodiments of the present disclosure. An exemplary
multi-level hysteresis voltage controller 200 comprises a low pass filter (LP-filter) Filter1 201, a
summation block Suml 202, a hysteresis block Hyst1 203, a voltage level estimator 204, and a
switching pattern generator 205. A real feedback voltage signal VreaL from a voltage sensor VS
112 (see FIG. 1) goes through a low pass filter Filter] 201 to a negative input of the summation
block Suml1 202, where it is subtracted from the reference voltage Vrer to generate a voltage
error signal AV, as their difference. The voltage error signal AV is input into the hysteresis block
Hyst1 203, which has the settings of high boundary (HB) and low boundary (LB) thresholds.
When AV reaches the high boundary (HB) of the hysteresis block Hyst1 203, the output value of
the hysteresis block Hyst1 203 is set to “1” and remains at this level until AV crosses its low
boundary (LB) of the hysteresis block Hystl 203. When AV crosses its low boundary (LB) of the
hysteresis block Hyst1 203, the output value of the hysteresis block Hystl 203 is set to “0” and
the output is maintained at this level until AV reaches HB again.

[0043] FIG. 3 illustrates an exemplary voltage level estimator 204 according to embodiments of
the present disclosure. FIGS. 4A-4D illustrate exemplary operation of the exemplary voltage
level estimator 204 according to embodiments of the present disclosure.

[0044] The voltage level estimator 204 operates in parallel with the hysteresis block Hyst1 203.
The voltage level estimator 204 receives the same HB and LB setting signals together with AV
from the output of summation block Suml 202. The exemplary voltage level estimator 204
comprises a clock counting circuit formed by a clock generator Clock 210, alogic switch Switchl
211 and aresettable counter Counterl 212. The exemplary voltage level estimator 204 further
comprises a level decrement circuit 220comprising a logic element AND1 221, arising edge
detector Rising Edge 2 222 and a free running counter Counter2 223. The exemplary voltage
level estimator 204 further comprises a level increment circuit 230 having a logic element AND2
231, arising edge detector Rising Edge 3 232 and a free running counter Counter3 233. The
exemplary voltage level estimator 204 further comprises an enable and reset circuit 240 for

Counter1 212, which comprises of alogic element XOR1 241, a rising edge detector Rising Edge
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1242 and a logic element OR1 243. The exemplary voltage level estimator 204 further
comprises a summation block Sum1 250.

[0045] The block Counterl 212 is enabled when the clock signal goes through the upper input
channel of Switch1 211(in case of a True signal on its middle input channel), and starts counting
anumber of clock cycles generated by the Clock 210 in any of the following cases: If the output
of Comp1 213 is True, i.e. the signal AV is lower than the low boundary hysteresis threshold LB
(AV <LB). This case is illustrated in FIGS. 4A-4D, where at the point C2 the signal AV becomes
lower than LB and the Counter1 212 starts incrementing a count until AV returns to the hysteresis
boundaries at the point D2 and the output signal of Comp1 213 becomes False; If the output of
Comp2 214 is True, i.e. the signal AV is higher than the high boundary hysteresis threshold HB
(AV> HB). This case is illustrated in FIGS. 4A-4D, where at the point B1 the signal AV becomes
higher than HB and the Counter] 212 starts incrementing a count until AV returns to the
hysteresis boundaries at the point C1 and the output signal of Comp2 214 becomes False.

[0046] The block Counter2 223 increments its output counting signal, which is applied to the
negative input of summation block Sum1 250, decrementing a number of Levels at the output of
voltage level estimator 204, if both of the following cases are true at the same time: If the output
of Comp1 213 is True, i.e. the signal AV is lower than the low boundary hysteresis threshold LB
(AV <LB); If the value of the output counting signal of Counterl 212 is higher than a preset
value of Time Constant (in cycles).

[0047] If both of the above mentioned conditions are satisfied, then the output of AND1 221
becomes True and this fact is detected by the block Rising Edge 2 222, which generates a pulse
of one clock cycle duration, and the block Counter2 223 increments and holds its output count
decrementing a value at the output of Suml 250 (the signal Levels at the output of voltage level
estimator 204).

[0048] The block Counter3 233 increments its output counting signal, which is applied to the
positive input of summation block Sum1 250, incrementing a number of Levels at the output of
voltage level estimator 204, if both of the following cases are true at the same time: If the output of
Comp2 214 is True, i.e. the signal AV is higher than the high boundary hysteresis threshold HB
(AV > HB); If the value of the output counting signal of Counterl 212 is higher than a preset value
of Time Constant (in cycles).

[0049] If both of the above mentioned conditions are satisfied, then the output of AND2 231
becomes True and this fact is detected by the block Rising Edge 3 232, which generates a pulse of

one clock cycle duration, and the block Counter3 233 increments and holds its output count
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incrementing a value at the output of Suml 250 (signal Levels at the output of voltage level
estimator 204).

[0050] This case of incrementing of levels signal (increment of Counter3 233) is illustrated in
FIGS. 4A-4D, where the point A2 satisfies the first of two presented above conditions and the point
B2 corresponds to the second condition, when the output counting signal of Counterl 212 is higher
than a value of Time Constant preset at 500 clock cycles.

[0051] There are three conditions to be true to reset the Counterl 212 as can be seen from FIG. 3.
If one of the output signals of the blocks Rising Edge 1 242, Rising Edge 2 222 and Rising Edge 3
232 is True, then the output of block OR1 243 is also True what actually resets the Counterl.
[0052] FIG. 5 illustrates an exemplary switching pattern generator 205 according to
embodiments of the present disclosure. The exemplary switching pattern generator enables a
unique method of rotation of an operation duty of the power cells 103A-103N of voltage
modulator 100, which ensures an automatic power sharing among the power cells 103A-103N, as
well as an adjustment of duty cycle and phase shift of commutation of each power cell 103A-
103N.

[0053] In embodiments, the exemplary switching pattern generator 205 comprises a resettable
Counter4 260 with a reset signal forming a circuit based on the comparator block Comp4 262.
The exemplary switching pattern generator 205 further comprises a multiplexer Switch 1 263
with N input signals of constant values from 1 to N, where N is a number of power cells of
voltage modulator 100. The exemplary switching pattern generator 205 further comprises a
multiplexer Switch 1 263 with N+1 input signals, where each input signal is represented as an
array of switching states and N-1 of them (1VDC Rotation, 2VDC Rotation ... (N-1)VDC
Rotation) are dynamic arrays and only two arrays OVDC and NVDC are static and have the
constant values. The exemplary switching pattern generator 205 receives the signal Levels from
voltage level estimator 204 and the signal State form the hysteresis block Hyst1 203. The output
signals of the switching pattern generator 205 are N switching commands to all N switching
elements (said IGBTs) of voltage modulator 100.

[0054] FIGS. 7A-7D illustrate exemplary operation of the exemplary switching pattern generator
205 according to embodiments of the present disclosure. The exemplary switching pattern
generator for which operation is depicted in FIGS. 7A-7D is implemented in a seven-level
voltage modulator consisting of seven power cells.

[0055] The Counterd 260 increments its output value at every rising edge of the signal State (see
FIGS. 7A-7D) up to value N, which sets the output of Comp4 261 to True and resets the
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Counter4 260. This output signal of Counter4 260 chooses a constant value at the corresponding
input of the multiplexer Switch 1 262 at every count and redirects it to the output of the
multiplexer Switch 1 262 forming the signal Cell rot, which is presented in FIGS. 7A-7D. Thus,
the signal Cell rot is changed repetitively from N to 1 with a decrement of 1 at every rise edge of
the signal State.

[0056] The signal Levels coming from the voltage level estimator 204 passes through the
summation block Sum2 263, where it is incremented by 1, and goes to the control input of the
multiplexer block Switch 2 264. This multiplexer commutates N+1 arrays of switching states
corresponding to the output voltage levels from OVDC, when all switching signals are False (zero
volts at the output of voltage modulator 100) to NVDC level, corresponding to the maximum
output voltage of voltage modulator 100, when all switching signals are True. These two voltage
levels, the minimum and the maximum output voltage levels, are created by the static arrays
(OVDC and NVDC, see FIG. 5) of switching states (signals) of the voltage modulator 100 and no
rotation of power cells is required.

[0057] The functional diagrams of N-1 blocks of dynamic arrays from 1VDC Rotation to (N-1)DC
rotation are presented in FIGS. 6A-6E.

[0058] FIG. 6A illustrates an exemplary 1VDC rotation block 265 Aaccording to embodiments of
the present disclosure. FIG. 6B illustrates an exemplary 2VDC rotation block 265B according to
embodiments of the present disclosure. FIG. 6C illustrates an exemplary 3VDC rotation block
265C according to embodiments of the present disclosure. FIG. 6D illustrates an exemplary
4VDC rotation block 265D according to embodiments of the present disclosure. FIG. 6E
illustrates an exemplary (N-1)VDC rotation block 265E according to embodiments of the present
disclosure.

[0059] Each of the blocks 265A-265E depicted in FIGS. 6A-6E comprises a multiplexer with a
control input, which receives a signal Cell rot from the block Switch 2 264, and having N
commutated inputs. Each of the blocks 265A-265E depicted in FIGS. 6A-6E further comprises N
static arrays containing the specific switching states for correct rotation of the power cells 103 A-
103N of voltage modulator 100.

[0060] If the signal Levels takes the values 0 and 1 only, performing a regulation of the output
voltage of the voltage modulator 100 between OVDC and 1VDC levels, then the 1VDC rotation
block 265A is involved in operation together with a static array OVDC. As can be seen from FIG.
6A, each of N static arrays from 1VDCI1 to 1VDCN of the block 1VDC rotation has only one high

(True) switching state, which position in array depends on a value of signal Cell rot. For example
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if Cell_rot=1, then only first power cell 103 A is operated providing a voltage of its storage element
to the output of voltage modulator 100 via opened switching element S1 109A (e.g., an IGBT)
while all other power cells 103B-103N are bypassed. A rotation of the power cells involved in
providing 1VDC level of output voltage is ensured by the signal Cell rot, which is changed
repetitively from N to 1 with a decrement of 1 at every rise edge of the signal State.

[0061] If the signal Levels takes the values 1 and 2 only, performing a regulation of the output
voltage of the voltage modulator 100 between 1VDC and 2VDC levels, then the 1VDC rotation
block 265A and the 2VDC rotation block 265B are involved in operation together. As can be seen
from FIG. 6B, each of N static arrays from 2VDC1 to 2VDCN of the 2VDC rotation block 265B
has two high (True) switching states, which positions in array depend on a value of signal Cell rot.
For example if Levels =2 and Cell_rot=1, then the first and the second power cells 103A and 103B
are operated providing a sum of the voltages of their storage elements to the output of voltage of
the voltage modulator 100 via opened switching elements S; and Sz (109A and 109B) while all
other power cells 103C-103N are bypassed. When the signal Levels changes to 1 at every rising
edge of the signal State, then only one power cell remains connected to the output and its number
will be decremented by 1, because the signal Cell rot is changed also with a rising edge of the
signal State. In this case a rotation of the power cells involved in providing 1VDC and 2VDC levels
of output voltage is ensured not only by the signal Cell rot, which is changed repetitively from N
to 1 with a decrement of 1 at every rise edge of the signal State, but by the distribution of the high
(said True) switching states in the dynamic arrays of both the 1VDC and 2VDC rotation blocks
265A and 265B.

[0062] FIG. 8 illustrates exemplary switching signals for an exemplary seven (7) level voltage
modulator according to embodiments of the present disclosure. FIG. 8 provides an example of
the operation of the switching pattern generator 205 for a case of a seven-level voltage modulator
comprising seven power cells connected in series. As can be seen from FIG. 8, the Levels signal
is changed first from 5 to 6 when the voltage modulator 100 provides an output voltage between
5VDC and 6VDC levels, and then the Levels signals is switched between 6 and 7, when the
voltage modulator 100 regulates its output voltage between 6VDC and 7VDC levels. In both
cases the switching signals S1 - S7 (109A-109G) are shifted from each other ensuring a rotation of
the power cells with an equal distribution of consumed power and providing an output frequency
of the output voltage to be seven times higher than the switching frequency of each individual

power cell.
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[0063] FIGS. 9A-9C illustrates simulation results of operation of the exemplary seven (7) level
voltage modulator according to embodiments of the present disclosure. FIG. 10 illustrates
simulation results (zoomed traces) of operation of the exemplary seven (7) level voltage
modulator according to embodiments of the present disclosure. The seven-level voltage
modulator comprises seven power cells connected in series. The reference output voltage Vrer is
a sinusoidal waveform of 100Hz with amplitude of 3kV and DC-offset of 3.5kV, thus a
maximum output voltage is 6.5kV and the minimum value is 0.5kV (FIGS. 9A-9C). The
proposed multi-level hysteresis voltage controller operates in such a way to maintain a regulation
error AV in boundaries of preset values of HB and LB (30V and -30V respectively, see FIGS.
9A-9C and FIGS. 10A-10C). An overshoot of AV in the level transition regions depends on the
Time Constant value and can be reduced further to the certain level by adjusting a value of Time
Constant. The signal Levels presented in FIGS. 9A-9C and FIGS. 10A-10C is increasing and
decreasing following the reference voltage dynamic. The real output voltage VRreaL is maintained
around Vrer with a regulation error AV.

[0064] FIGS. 11A-11C and FIGS. 12A-12C show the experimental results of a single-phase seven
(7) level modulator comprising seven (7) cells connected in series with capacitive storage element
on DC-link side as depicted in FIG. 1. The seven (7) level modulator is operated with active
electrodes installed in the diverters of the colliding beam FRC based reactor. The active electrodes
are in touch with the plasma and the PSU provides the current of up to 5kA to the plasma with an
output voltage of up to SkV. The plasma parameters during a plasma discharge significantly and
rapidly change and thus the required bias voltage has to be regulated and stabilized at the desired
reference value.

[0065] The reference voltage Vrer and real output voltage of the PSU Vour are shown as functions
of time in FIG. 11B. As can be seen, Vour is regulated and stabilized around Vrer with a voltage
control error signal presented in FIG. 11A while not exceeding a preset value of +/~-100A. The
required number of levels of the output voltage calculated by the Voltage Level Estimator block
(204, see FIG. 2) is shown in FIG. 11B. As the capacitor banks in the DC-links of power cells are
discharging it requires more levels of output voltage to be set up to maintain a constant output
voltage of 3.5kV and the proposed methodology calculates it accordingly. At the end of the pulse
all capacitor banks are discharged to the voltage, at which a setting of all 8 levels is not enough

regulate Vour, which causes an increase of output voltage error signal.
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[0066] FIG. 12 shows the experimental results of operation of the same Active Electrode PSU with
a triangle reference voltage Vrer, demonstrating a high dynamic capability of proposed voltage
hysteresis controller to regulate and stabilize a voltage with a fast changing dV/dt value.

[0067] Embodiments of the present disclosure are directed to a multi-level cascaded voltage
modulator connectable to a load. In embodiments, the multi-level cascaded voltage modulator
comprises a plurality of power cells connected in series, wherein each cell of the plurality of cells
comprises a of bidirectional switch and a storage element, and a control system coupled to the
plurality of cells and having a multi-level hysteresis voltage controller. In embodiments, the control
system is configured to cause the plurality of cells to output N levels of voltage on the load, wherein
N is a positive integer corresponding to the number of power cells of the plurality of power cells.
[0068] In embodiments, each cell of the plurality of cells includes a secondary winding isolation
transformer, a three-phase diode bridge coupled to the transformer and the storage element, and a
diode.

[0069] In embodiments, the bidirectional switch is one of an IGBT or a MOSFET.

[0070] In embodiments, each cell of the plurality of cells further comprises an LCR filter at its
output.

[0071] In embodiments, the modulator further comprises a CR filter at the output of the plurality
of cells.

[0072] In embodiments, the control system is further configured to cause the transfer of electrical
power from the energy storage elements of the power cells to the load.

[0073] In embodiments, the control system is further configured to balance voltages on the storage
elements.

[0074] In embodiments, the storage element is a capacitor.

[0075] In embodiments, the control system including one or more processors coupled to a non-
transitory memory comprising a plurality of instructions that when executed causes the one or more
processors to control a level of voltage on the load.

[0076] In embodiments, the plurality of instructions when executed causes the one or more
processors to control an output voltage level of the modulator as a function of the level of voltage
on the load, a reference voltage and a voltage error equal to the difference between the level of
voltage on the load and the reference voltage.

[0077] In embodiments, the plurality of instructions when executed causes the one or more
processors to subtract from a reference voltage signal Vrer a real feedback voltage signal VreaL

received from a voltage sensor, produce, by a voltage level estimator, an estimated voltage level
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signal, Levels, using a high boundary (HB) threshold of a hysteresis block, a low boundary (LB)
threshold of the hysteresis block, and the voltage difference signal AV, and generate, by a switching
pattern generator, a plurality of switching signals based on the estimated voltage level, Levels, and
a state of the hysteresis block.

[0078] In embodiments, to subtract from a reference voltage signal Vrer a real feedback voltage
signal VreaL, the plurality of instructions when executed causes the one or more processors to feed
the real feedback voltage signal VreaL to a low-pass filter input, feed a low-pass filter output signal
to a negative input of a first summation block, feed the reference voltage signal Vrer to a positive
input of the first summation block, and produce a voltage difference signal AV at an output of the
first summation block.

[0079] In embodiments, when AV reaches the high boundary (HB) threshold of the hysteresis
block, the plurality of instructions when executed causes the one or more processors to set the state
of the hysteresis block to “1.”

[0080] In embodiments, when AV reaches the low boundary (LB) threshold of the hysteresis
block, the plurality of instructions when executed causes the one or more processors to set the state
of the hysteresis block to “0.”

[0081] In embodiments, to produce the estimated voltage level Levels, the plurality of
instructions when executed causes the one or more processors to apply a clock signal to a clock
generator, count, by aresettable counter, anumber of clock signals generated by the clock generator
when one or more of the following conditions is true: AV is lower than the low boundary (LB)
threshold of the hysteresis block; or AV is higher than the high boundary (HB) threshold of the
hysteresis block.

[0082] In embodiments, the plurality of instructions when executed causes the one or more
processors further to, increment, by a free running counter, a free running counter output signal,
apply the free running counter output signal to a second summation block, and decrement a number
of Levels at an output of the voltage level estimator when both of the following cases are true at
the same time: the signal AV is lower than the low boundary hysteresis threshold LB; and the value
of an output counting signal of the resettable counter is higher than a preset value of a time constant.
[0083] In embodiments, when both the signal AV is lower than the low boundary hysteresis
threshold LB and the value of the output counting signal of the resettable counter is higher than the
preset value of a time constant, the plurality of instructions when executed causes the one or

more processors to set the output of a logic element of a level decrement circuit to True, detect the
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output of the logic element with a rising edge detector, and increment the free running counter, and
thereby decrement an output level at a summation block.

[0084] In embodiments, the multi-level hysteresis voltage controller comprises a low pass filter
having alow-pass filter input and a low-pass filter output, a first summation block having a positive
input and a negative input, a hysteresis block having a high boundary (HB) threshold and a low
boundary (LB) threshold, a voltage level estimator having a plurality of voltage level estimator
inputs and a voltage level output signal Levels, and a switching pattern generator having a plurality
of switching pattem generator inputs and a plurality of switching pattern generator outputs.

[0085] In embodiments, the switching pattern generator comprises a comparator block, a resettable
counter, a first multiplexer having a first plurality of input signals, and a second multiplexer having
a second plurality of input signals.

[0086] In embodiments, each input signal of the second plurality of input signals represents an
array of switching states each corresponding to a one of plurality of output levels for a voltage
modulator.

[0087] In embodiments, the plurality of output levels ranges from OVDC when all switching
signals are false to a maximum output voltage when all switching signals are true.

[0088] In embodiments, the voltage level estimator comprises, a clock counting circuit, a level
decrement circuit, an enable and reset circuit for the resettable counter, and a second summation
block.

[0089] In embodiments, the clock counting circuit comprises a clock generator, alogic switch, and
a resettable counter.

[0090] In embodiments, the level decrement circuit comprises a first logic element, a rising edge
detector, and a free running counter.

[0091] In embodiments, the enable and reset circuit comprises a second logic element, a rising
edge detector and a third logic element.

[0092] In embodiments, the first logic element is an AND gate, the second logic element is an
XOR gate, and the third logic element is an OR gate.

[0093] In embodiments, when AV reaches the high boundary (HB) threshold of the hysteresis
block, the state of the hysteresis block is set to *“1.”

[0094] In embodiments, when AV reaches the low boundary (LB) threshold of the hysteresis
block, the state of the hysteresis block is set to “0.”

[0095] In embodiments, the load is in a power electronic circuit in one or more of an electrode

biasing power supply for a Tokamak plasma reactor, an electrode biasing power supply for a FRC
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plasma reactor, a power supply for a neutral beam injector, a magnetron modulator, a klystron
modulator, an E-gun modulator, a high power X-ray power supply, a mediumwave transmitter, a
longwave transmitter, and a shortwave solid-state transmitter.

[0096] Embodiments of the present disclosure are directed to a multi-level hysteresis voltage
controller connectable to a load. In embodiments, the multi-level hysteresis voltage controller
(MHVC) comprises a low pass filter having a low-pass filter input and a low-pass filter output, a
first summation block having a positive input and a negative input, a hysteresis block having a high
boundary (HB) threshold and a low boundary (LB) threshold, a voltage level estimator having a
plurality of voltage level estimator inputs and a voltage level output signal Levels; and a switching
pattern generator having a plurality of switching pattem generator inputs and a plurality of
switching pattern generator outputs.

[0097] Inembodiments, the switching pattern generator comprises a comparator block, a resettable
counter, a first multiplexer having a first plurality of input signals, and a second multiplexer having
a second plurality of input signals.

[0098] In embodiments, each input signal of the second plurality of input signals represents an
array of switching states each corresponding to a one of plurality of output levels for a voltage
modulator.

[0099] In embodiments, the plurality of output levels ranges from OVDC when all switching
signals are false to a maximum output voltage when all switching signals are true.

[00100] In embodiments, the voltage level estimator comprises a clock counting circuit, a level
decrement circuit comprising, an enable and reset circuit for the resettable counter, and a second
summation block.

[00101] In embodiments, the clock counting circuit comprises a clock generator, a logic switch,
and a resettable counter.

[00102] In embodiments, the level decrement circuit comprises a first logic element, a rising edge
detector, and a free running counter.

[00103] In embodiments, the enable and reset circuit comprises a second logic element, a rising
edge detector and a third logic element.

[00104] In embodiments, the first logic element is an AND gate, the logic second element is an
XOR gate, and the third logic element is an OR gate.

[00105] In embodiments, when AV reaches the high boundary (HB) threshold of the hysteresis
block, the state of the hysteresis block is set to “1.”
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[00106] In embodiments, when AV reaches the low boundary (LLB) threshold of the hysteresis
block, the state of the hysteresis block is set to “0.”

[00107] In embodiments, the load is in a power electronic circuit in one or more of an electrode
biasing power supply for a Tokamak plasma reactor, an electrode biasing power supply for a FRC
plasma reactor, a power supply for a neutral beam injector, a magnetron modulator, a klystron
modulator, an E-gun modulator, a high power X-ray power supply, a mediumwave transmitter, a
longwave transmitter, and a shortwave solid-state transmitter.

[00108] Embodiments of the present disclosure are directed to a method of controlling a voltage
supplied to a load using a multi-level hysteresis voltage controller. In embodiments, the method
comprises receiving a real feedback voltage signal VreaL from a voltage sensor. In embodiments,
the method further comprises subtracting the real feedback voltage signal VreaL from a reference
voltage signal Vrer by: feeding the real feedback voltage signal VreaL to a low-pass filter input,
feeding a low-pass filter output signal to a negative input of a first summation block, feeding the
reference voltage signal Vrer to a positive input of the summation block, and producing a voltage
difference signal AV at an output of the first summation block.

[00109] In embodiments, the method further comprises producing, by a voltage level estimator,
an estimated voltage level signal, Levels, using a high boundary (HB) threshold of a hysteresis
block, a low boundary (LB) threshold of the hysteresis block, and the voltage difference signal AV.
In embodiments, the method further comprises generating, by a switching pattern generator, a
plurality of switching signals based on the estimated voltage level, Levels, and a state of the
hysteresis block.

[00110] In embodiments, when AV reaches the high boundary (HB) threshold of the hysteresis
block, the state of the hysteresis block is set to *“1.”

[00111] In embodiments, when AV reaches the low boundary (LLB) threshold of the hysteresis
block, the state of the hysteresis block is set to “0.”

[00112] In embodiments, the voltage level estimator produces the estimated voltage level Levels
by: applying a clock signal to a clock generator; counting, by a resettable counter, a number of
clock signals generated by the clock generator when one or more of the following conditions is
true: AV is lower than the low boundary (LB) threshold of the hysteresis block, or AV is higher
than the high boundary (HB) threshold of the hysteresis block; incrementing, by a free running
counter, a free running counter output signal; applying the free running counter output signal to a
summation block; and decrementing a number of Levels at an output of the voltage level estimator

when both of the following cases are true at the same time: the signal AV is lower than the low
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boundary hysteresis threshold LB, and the value of an output counting signal of the resettable
counter is higher than a preset value of a time constant.

[00113] In embodiments, when both the signal AV is lower than the low boundary hysteresis
threshold LB and the value of the output counting signal of the resettable counter is higher than the
preset value of a time constant, a first logic element output of a level decrement circuit becomes
True; a rising edge detector detects the first logic element output; and the free running counter is
incremented, thereby decrementing an output level at a summation block.

[00114] The processors of the control systems and controllers of the present disclosure may be
configured to perform the computations and analyses described in the present disclosure and may
include or be communicatively coupled to one or more memories including non-transitory
computer readable medium. It may include a processor-based or microprocessor-based system
including systems using microcontrollers, reduced instruction set computers (RISC), application
specific integrated circuits (ASICs), logic circuits, and any other circuit or processor capable of
executing the functions described herein. The above examples are exemplary only, and are thus not
intended to limit in any way the definition and/or meaning of the term “processor” or “‘computer.”
[00115] Functions of the processor may be implemented using either software routines, hardware
components, or combinations thereof. The hardware components may be implemented using a
variety of technologies, including, for example, integrated circuits or discrete electronic
components. The processor unit typically includes a readable/writeable memory storage device and
typically also includes the hardware and/or software to write to and/or read the memory storage
device.

[00116] The processors may include a computing device, an input device, a display unit and an
interface, for example, for accessing the Internet. The computer or processor may include a
microprocessor. The microprocessor may be connected to a communication bus. The computer
or processor may also include a memory. The memory may include Random Access Memory
(RAM) and Read Only Memory (ROM). The computer or processor may also include a storage
device, which may be a hard disk drive or a removable storage drive such as, e.g., an optical disk
drive and the like. The storage device may also be other similar means for loading computer
programs or other instructions into the computer or processor.

[00117] The processor executes a set of instructions that are stored in one or more storage
elements, in order to process input data. The storage elements may also store data or other
information as desired or needed. The storage element may be in the form of an information source

or a physical memory element within a processing machine.
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[00118] The set of instructions may include various commands that instruct the processors as a
processing machine to perform specific operations such as the methods and processes of the various
embodiments of the subject matter described herein. The set of instructions may be in the form of
a software program. The software may be in various forms such as system software or application
software. Further, the software may be in the form of a collection of separate programs or modules,
a program module within a larger program or a portion of a program module. The software also
may include modular programming in the form of object-oriented programming. The processing
of input data by the processing machine may be in response to user commands, or in response to
results of previous processing, or in response to a request made by another processing machine.
[00119] As used herein, the terms “software” and “firmware” may be interchangeable, and
include any computer program stored in memory for execution by a computer, including RAM
memory, ROM memory, EEPROM memory, and non-volatile RAM (NVRAM) memory. The
above memory types are exemplary only, and are thus not limiting as to the types of memory usable
for storage of a computer program.

[00120] All features, elements, components, functions, and steps described with respect to any
embodiment provided herein are intended to be freely combinable and substitutable with those
from any other embodiment. If a certain feature, element, component, function, or step is described
with respect to only one embodiment, then it should be understood that that feature, element,
component, function, or step can be used with every other embodiment described herein unless
explicitly stated otherwise. This paragraph therefore serves as antecedent basis and written support
for the introduction of claims, at any time, that combine features, elements, components, functions,
and steps from different embodiments, or that substitute features, elements, components, functions,
and steps from one embodiment with those of another, even if the following description does not
explicitly state, in a particular instance, that such combinations or substitutions are possible.
Express recitation of every possible combination and substitution is overly burdensome, especially
given that the permissibility of each and every such combination and substitution will be readily
recognized by those of ordinary skill in the art upon reading this description.

[00121] In many instances entities are described herein as being coupled to other entities. It
should be understood that the terms “coupled” and “connected” or any of their forms are used
interchangeably herein and, in both cases, are generic to the direct coupling of two entities without
any non-negligible e.g., parasitic intervening entities and the indirect coupling of two entities with
one or more non-negligible intervening entities. Where entities are shown as being directly coupled

together, or described as coupled together without description of any intervening entity, it should
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be understood that those entities can be indirectly coupled together as well unless the context clearly
dictates otherwise.

[00122] While the embodiments are susceptible to various modifications and alternative forms,
specific examples thereof have been shown in the drawings and are herein described in detail. It
should be understood, however, that these embodiments are not to be limited to the particular form
disclosed, but to the contrary, these embodiments are to cover all modifications, equivalents, and
alternatives falling within the spirit of the disclosure. Furthermore, any features, functions, steps,
or elements of the embodiments may be recited in or added to the claims, as well as negative
limitations that define the inventive scope of the claims by features, functions, steps, or elements

that are not within that scope.
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WHAT IS CLAIMED IS:

1. A multi-level cascaded voltage modulator connectable to a load, comprising:

a plurality of power cells connected in series, wherein each cell of the plurality of
cells comprises a of bidirectional switch and a storage element; and

a control system coupled to the plurality of cells and having a multi-level hysteresis
voltage controller, wherein the control system is configured to cause the plurality of cells to
output N levels of voltage on the load, wherein N is a positive integer corresponding to the

number of power cells of the plurality of power cells.

2. The modulator of claim 1, wherein each cell of the plurality of cells includes
a secondary winding isolation transformer;
a three-phase diode bridge coupled to the transformer and the storage element; and

a diode.

3. The modulator of claim 2, wherein the bidirectional switch is one of an IGBT

or a MOSFET.

4. The modulator of claim 2, wherein each cell of the plurality of cells further

comprises an LCR filter at its output.

5. The modulator of claim 2, further comprising a CR filter at the output of the
plurality of cells.

6. The modulator of claim 2, wherein the control system is further configured to
cause the transfer of electrical power from the energy storage elements of the power cells to the

load.

7. The modulator of claim 2, wherein the control system is further configured to

balance voltages on the storage elements.

8. The modulator of claim 2, wherein the storage element is a capacitor.
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9. The modulator of claims 1-8, wherein the control system including one or
more processors coupled to a non-transitory memory comprising a plurality of instructions
that when executed causes the one or more processors to control a level of voltage on the
load.

10. The modulator of claim 9, wherein the plurality of instructions when executed
causes the one or more processors to control an output voltage level of the modulator as a
function of the level of voltage on the load, a reference voltage and a voltage error equal to

the difference between the level of voltage on the load and the reference voltage.

11. The modulator of claim 9, wherein the plurality of instructions when executed
causes the one or more processors to:

subtract from a reference voltage signal Vrer a real feedback voltage signal VrReaL
received from a voltage sensor;

produce, by a voltage level estimator, an estimated voltage level signal, Levels, using
a high boundary (HB) threshold of a hysteresis block, a low boundary (LB) threshold of the
hysteresis block, and the voltage difference signal AV; and

generate, by a switching pattern generator, a plurality of switching signals based on the

estimated voltage level, Levels, and a state of the hysteresis block.

12. The modulator of claim 9, wherein to subtract from a reference voltage signal
Vrer a real feedback voltage signal VreaL, the plurality of instructions when executed causes
the one or more processors to:

feed the real feedback voltage signal VreaL to a low-pass filter input;

feed a low-pass filter output signal to a negative input of a first summation block;

feed the reference voltage signal Vrer to a positive input of the first summation block;
and

produce a voltage difference signal AV at an output of the first summation block.

13. The modulator of claim 11, wherein:
when AV reaches the high boundary (HB) threshold of the hysteresis block, the
plurality of instructions when executed causes the one or more processors to set the state of

the hysteresis block to “1.”
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14. The modulator of one of claims 11 or 13, wherein:
when AV reaches the low boundary (LB) threshold of the hysteresis block, the
plurality of instructions when executed causes the one or more processors to set the state of

the hysteresis block to “0.”

15. The modulator of claim 11, wherein to produce the estimated voltage level
Levels, the plurality of instructions when executed causes the one or more processors to:
apply a clock signal to a clock generator;
count, by a resettable counter, a number of clock signals generated by the clock generator
when one or more of the following conditions is true:
AV is lower than the low boundary (LB) threshold of the hysteresis block; or
AV 1is higher than the high boundary (HB) threshold of the hysteresis block;
increment, by a free running counter, a free running counter output signal;
apply the free running counter output signal to a second summation block; and
decrement a number of Levels at an output of the voltage level estimator when both of the
following cases are true at the same time:
the signal AV is lower than the low boundary hysteresis threshold LB; and
the value of an output counting signal of the resettable counter is higher than a

preset value of a time constant.

16. The modulator of claim 15, wherein when both the signal AV is lower than the
low boundary hysteresis threshold LB and the value of the output counting signal of the resettable
counter is higher than the preset value of a time constant, the plurality of instructions when
executed causes the one or more processors to:

set the output of a logic element of a level decrement circuit to True;

detect the output of the logic element with a rising edge detector; and

increment the free running counter, and thereby decrement an output level at a summation

block.

17. The modulator of claim 1, wherein the multi-level hysteresis voltage controller
comprises:
a low pass filter having a low-pass filter input and a low-pass filter output;

a first summation block having a positive input and a negative input;
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a hysteresis block having a high boundary (HB) threshold and a low boundary (LB)
threshold;

a voltage level estimator having a plurality of voltage level estimator inputs and a
voltage level output signal Levels; and

a switching pattern generator having a plurality of switching pattern generator inputs

and a plurality of switching pattern generator outputs.

18. The modulator of claim 17, wherein the switching pattern generator
comprises:

a comparator block;

a resettable counter;

a first multiplexer having a first plurality of input signals; and

a second multiplexer having a second plurality of input signals.

19.  The modulator of claim 18, wherein each input signal of the second plurality
of input signals represents an array of switching states each corresponding to a one of

plurality of output levels for a voltage modulator.

20. The modulator of claim 19, wherein the plurality of output levels ranges from
0VDC when all switching signals are false to a maximum output voltage when all switching

signals are true.

21. The modulator of claim 17, wherein the voltage level estimator comprises:
a clock counting circuit;

alevel decrement circuit;

an enable and reset circuit for the resettable counter; and

a second summation block.

22. The modulator of claim 21, wherein the clock counting circuit comprises a clock

generator, a logic switch, and a resettable counter.

23. The modulator of claim 21 or 22, wherein the level decrement circuit comprises a

first logic element, a rising edge detector, and a free running counter.
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24, The modulator of claims 21-23, wherein the enable and reset circuit comprises a

second logic element, a rising edge detector and a third logic element.

25. The modulator of claim 24, wherein the first logic element is an AND gate, the

second logic element is an XOR gate, and the third logic element is an OR gate.

26.  The modulator of claim 17, wherein when AV reaches the high boundary (HB)
threshold of the hysteresis block, the state of the hysteresis block is set to “1.”

27. The modulator of claims 17 or 26, wherein when AV reaches the low boundary
(LB) threshold of the hysteresis block, the state of the hysteresis block is set to “0.”

28. The modulator of any one of claims 17-27, wherein the load is in a power
electronic circuit in one or more of an electrode biasing power supply for a Tokamak plasma
reactor, an electrode biasing power supply for a FRC plasma reactor, a power supply for a neutral
beam injector, a magnetron modulator, a klystron modulator, an E-gun modulator, a high power
X-ray power supply, a mediumwave transmitter, a longwave transmitter, and a shortwave solid-

state transmutter.

29. A multi-level hysteresis voltage controller for a multi-level voltage modulator
connectable to a load, comprising:

a low pass filter having a low-pass filter input and a low-pass filter output;

a first summation block having a positive input and a negative input;

a hysteresis block having a high boundary (HB) threshold and a low boundary (LB)
threshold;

a voltage level estimator having a plurality of voltage level estimator inputs and a
voltage level output signal Levels; and

a switching pattern generator having a plurality of switching pattern generator inputs

and a plurality of switching pattern generator outputs.

30.  The multi-level hysteresis voltage controller of claim 29, wherein the
switching pattern generator comprises:
a comparator block;

aresettable counter;
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a first multiplexer having a first plurality of input signals; and

a second multiplexer having a second plurality of input signals.

31.  The multi-level hysteresis voltage controller of claim 30, wherein each input
signal of the second plurality of input signals represents an array of switching states each

corresponding to a one of plurality of output levels for a voltage modulator.

32.  The multi-level hysteresis voltage controller of claim 31, wherein the plurality
of output levels ranges from 0VDC when all switching signals are false to a maximum output

voltage when all switching signals are true.

33. The multi-level hysteresis voltage controller of claim 29, wherein the voltage
level estimator comprises:

a clock counting circuit;

alevel decrement circuit ;

an enable and reset circuit for the resettable counter; and

a second summation block.

34. The multi-level hysteresis voltage controller of claim 33, wherein the clock

counting circuit comprises a clock generator, a logic switch, and a resettable counter.

35. The multi-level hysteresis voltage controller of claim 33 or 34, wherein the level
decrement circuit comprises a first logic element, a rising edge detector, and a free running

counter.

36. The multi-level hysteresis voltage controller of and of claims 33-35, wherein the
enable and reset circuit comprises a second logic element, a rising edge detector and a third logic

element.
37.  The multi-level hysteresis voltage controller of claim 36, wherein the first

logic element is an AND gate, the second logic element is an XOR gate, and the third logic

element is an OR gate.
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38.  The multi-level hysteresis voltage controller of claim 29, wherein when AV
reaches the high boundary (HB) threshold of the hysteresis block, the state of the hysteresis

block is set to <1.”

39. The multi-level hysteresis voltage controller of claims 29 or 38, wherein when
AV reaches the low boundary (LLB) threshold of the hysteresis block, the state of the hysteresis
block is set to “0.”

40. The multi-level hysteresis voltage controller of any one of claims 29-39, wherein
the load is in a power electronic circuit in one or more of an electrode biasing power supply for a
Tokamak plasma reactor, an electrode biasing power supply for a FRC plasma reactor, a power
supply for a neutral beam injector, a magnetron modulator, a klystron modulator, an E-gun
modulator, a high power X-ray power supply, a mediumwave transmitter, a longwave transmitter,

and a shortwave solid-state transmitter.

41. A method of controlling a voltage supplied to a load using a multi-level
hysteresis voltage controller, comprising:
receiving a real feedback voltage signal VreaL from a voltage sensor;
subtracting the real feedback voltage signal VreaL from a reference voltage signal
Vrer by
feeding the real feedback voltage signal VreaL to a low-pass filter input;
feeding a low-pass filter output signal to a negative input of a first summation
block;
feeding the reference voltage signal Vrer to a positive input of the first
summation block; and
producing a voltage difference signal AV at an output of the first summation
block;
producing, by a voltage level estimator, an estimated voltage level signal, Levels,
using a high boundary (HB) threshold of a hysteresis block, a low boundary (LB) threshold of
the hysteresis block, and the voltage difference signal AV; and
generating, by a switching pattern generator, a plurality of switching signals based on the

estimated voltage level, Levels, and a state of the hysteresis block.

42. The method of claim 41, wherein:
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when AV reaches the high boundary (HB) threshold of the hysteresis block, the state
of the hysteresis block is set to “1.”

43, The method of one of claims 41 or 42, wherein:
when AV reaches the low boundary (LB) threshold of the hysteresis block, the state of
the hysteresis block is set to “0.”

44, The method of claim 43, wherein the voltage level estimator produces the
estimated voltage level Levels by:
applying a clock signal to a clock generator;
counting, by a resettable counter, a number of clock signals generated by the clock
generator when one or more of the following conditions is true:
AV is lower than the low boundary (LB) threshold of the hysteresis block; or
AV 1is higher than the high boundary (HB) threshold of the hysteresis block;
incrementing, by a free running counter, a free running counter output signal;
applying the free running counter output signal to a second summation block; and
decrementing a number of Levels at an output of the voltage level estimator when both of
the following cases are true at the same time:
the signal AV is lower than the low boundary hysteresis threshold LB; and
the value of an output counting signal of the resettable counter is higher than a

preset value of a time constant.

45. The method of claim 44, wherein when both the signal AV is lower than the low
boundary hysteresis threshold LB and the value of the output counting signal of the resettable
counter is higher than the preset value of a time constant:

alogic element output of a level decrement circuit becomes True;

arising edge detector detects the logic element output; and

the free running counter is incremented, thereby decrementing an output level at a

summation block.
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Group |lI: Claims 29-35, 38-39, and 41-45 are directed towards a muiti-level hysteresis voltage controller and a method of controlling a
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