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separates switch gating control into multiple control regions 
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HYBRID MODULATION CONTROLLED 
DC-TO-AC CONVERTERS 

2 
FIG. 5 illustrates a hybrid modulation controller of the 

hybrid modulation controlled DC-to-AC converter of FIG. 
1, according to embodiments of the present disclosure. 

CROSS-REFERENCE TO RELATED 
APPLICATION 

FIG. 6 illustrates a flowchart of functionalities performed 
5 by the hybrid modulation controlled DC-to-AC converter of 

FIG. 1, according to embodiments of the present disclosure. 
This application claims priority to and benefit of all of the 

following related applications, as the 35 U.S.C. § 371 
national stage application of PCT Application No. PCT/ 
US2020/053424, filed on Sep. 30, 2020, and entitled 10 

"HYBRID MODULATION CONTROLLED DC-TO-AC 
CONVERTERS," which claims priority to, and the benefit 
of, U.S. Provisional Application No. 62/913,797, filed on 
Oct. 11, 2019, and entitled "AC Waveform Production 

15 
Method with Hybrid Pulse Amplitude Modulated Con­
verter," the entire contents of all of the related applications 
is hereby incorporated herein by reference. 

SUMMARY 

The present disclosure relates to hybrid modulation for 
direct current (DC) to alternating current (AC) converters. 
To overcome inefficiencies of existing technologies, a hybrid 
modulation method can be utilized. 

Some aspects of the present disclosure include a com-
puter-implemented method for generating a waveform. The 
method can include determining a hybrid modulation pattern 
that separates switch gating control into multiple control 
regions for a half cycle of the waveform. A first control 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

20 region controls the switches according to a first modulation 
technique and a second control region controls the switches 
according to a second modulation technique. The method 
can also include controlling switches of an inverter or This invention was made with Govermnent support under 

Grant No. DE-AR0000904, awarded by the Department of 
Energy. The Government has certain rights in the invention. 25 

BACKGROUND 

modulator of a resonant converter according to the hybrid 
modulation pattern to generate the waveform. 

Additional aspects include a system for waveform gen­
eration. The system can include a modulating circuit and a 
rectifying circuit that generates a waveform based on the 
hybrid modulation pattern. The modulating circuit can Direct current (DC) to alternating current (AC) converters 

can involve DC link inverters and pseudo de-link inverters. 
The inverters can be isolated by high frequency transform­
ers, which also provide the freedom of step-up/down 
through winding turns ratio. A pseudo de-link inverter is 
based upon a pulse width modulation (PWM) converter like 
a flyback converter, but the accompanying switching losses 
can degrade efficiency and overall system performance. 
Resonant converters (e.g., series resonant converter) that 
attempt soft-switching characteristics can have problems 
with high resonant current and limited soft-switching range. 
As a result, there is a need for a more efficient implemen­
tation and control methodology DC-to-AC converters. 

30 include switches controlled according to a hybrid modula­
tion pattern that separates switch gating control into multiple 
control regions for a half cycle of the waveform. A first 
control region controls the switches according to a first 
modulation technique and a second control region controls 

35 the switches according to a second modulation technique. 
The rectifying circuit is communicatively coupled to the 
modulating circuit. 

Further aspects of the disclosure include instructions 
stored in computer-readable media. A hybrid modulation 

BRIEF DESCRIPTION OF THE DRAWINGS 

40 pattern is generated. The hybrid modulation pattern sepa­
rates switch gating control into multiple control regions for 
a half cycle of the waveform. A first control region modu­
lates according to a first modulation technique and a second 
control region modulates according to a second modulation 

45 technique. Switches of an inverter or modulation component 
of a DC-to-AC converter are controlled according to the 
hybrid modulation pattern to generate the waveform. 

Many aspects of the present disclosure can be better 
understood with reference to the following drawings. The 
components in the drawings are not necessarily drawn to 
scale, with emphasis instead being placed upon clearly 
illustrating the principles of the disclosure. In the drawings, 
like reference numerals designate corresponding parts 50 

throughout the several views. 
FIG. 1 illustrates an example of a hybrid modulation 

controlled DC-to-AC converter, according to embodiments 
of the present disclosure. 

FIG. 2 illustrates an example of the operation of the 55 

hybrid modulation controlled DC-to-AC converter of FIG. 
1, according to embodiments of the present disclosure. 

FIG. 3 illustrates an example of an equivalent circuit 
model and a graph of waveforms for an example variable 
frequency modulation region of the hybrid modulation con- 60 

trolled DC-to-AC converter of FIG. 1, according to embodi­
ments of the present disclosure. 

FIG. 4 illustrates an example of an equivalent circuit 
model and a graph of waveforms for an example short pulse 
density modulation region of the hybrid modulation con- 65 

trolled DC-to-AC converter of FIG. 1, according to embodi­
ments of the present disclosure. 

DETAILED DESCRIPTION 

The present disclosure relates to hybrid modulation for 
direct current (DC) to alternating current (AC) converters. 
Some techniques such as flyback converters and pulse width 
modulation converters can be accompanied by switching 
losses that degrade efficiency and overall system perfor­
mance. However, this disclosure describes operational prin­
ciples of hybrid modulation that can avert performance 
losses of the existing techniques. Various implementations 
of the present disclosure can include a first control region 
which controls the plurality of switches according to a first 
modulation technique and a second control region which 
controls the plurality of switches according to a second 
modulation technique. For example, in a high-output region, 
the inverter can operate with variable-frequency modulation, 
which leads to zero-voltage-switching and relatively low 
resonant current. In a low-output region, the inverter oper­
ates with a short pulse density modulation so that switching 
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losses are greatly curtailed without excessive resonant cur­
rent. This mechanism can avert performance losses of pre­
vious techniques. 

Aspects of the present disclosure can include an inverter 
or other modulation components capable of converting a DC 
input into a modulating signal. Line-frequency inverters can 
provide electrical energy to utility grids and motors. Their 
input can be photovoltaic (PV) panels, fuel cells, lithium-ion 
batteries and other de sources. Some systems can use 
galvanic isolation for an inverter. The use of an isolation 10 

transformer can enable high step-up/down applications that 
have flexibility in choosing winding turns ratio that can be 
problematic with non-isolated inverter topologies. 

High-frequency transformers can reduce weight and size 
compared with line-frequency transformers. In order to 15 

adopt a high-frequency transformer, an isolated DC-DC 
converter can be cascaded with an inverter. This configura­
tion is capable of diverting input double line-frequency 
ripple to the DC-link and therefore can be used for photo­
voltaic (PV) applications. However, both circuit complexity 20 

and power loss can be increased because of the extra front 
stage. 

Pseudo DC-link inverters can be referred to single-stage 
inverters because the unfolding component can be nearly 
lossless with the aid of low on-resistance devices. This can 25 

increase system efficiency. In a pseudo DC-link inverter, the 
modulation can be performed by an isolated DC-DC stage 
that generates a rectified sinusoidal wave. Capacitance on 
the pseudo de-link can be limited to prevent waveform 
distortion and the decoupling capacitor can be located at the 30 

input. The isolated DC-DC stage can include a pulse-width­
modulated (PWM) converter. However, in conventional 
systems the device hard-switching and voltage spike can 
restrain the system's efficiency and reliability. 

A series resonant converter (SRC) can have relatively 35 

high efficiency, simple structure and wide soft-switching 
range, and can also be used for an isolated DC-DC stage. 
The circuit topology of SRC-PDI can operate without 
requiring auxiliary switches. While a SRC-PDI circuit can 
use a single control method, the present disclosure enables 40 

hybrid modulation using multiple control paradigms. The 
hybrid modulation can include multiple control methods 
including phase-shift modulation (PSM), variable-frequency 
modulation (VFM) and pulse density modulation (PDM) or 
short PDM (SPDM). 45 

Moving to the figures, FIG. 1 shows a hybrid modulation 
controlled DC-to-AC converter or hybrid modulation con­
verter 100. The hybrid modulation converter 100 can include 
a hybrid modulation controller 103, an inverter or modula­
tion component 106, a transformer component 109, a recti­
fying component 112, and an unfolding component 115. 

The hybrid modulation controller 103 can utilize multiple 
different control methods including PSM, VFM, PDM, 
SPDM, and others. These control methods can be integrated 
into a hybrid modulation method as described. These meth­
ods can be described as follows. 

50 

55 

1) PSM: This phase-shift control method can inject a 
delay or phase shift time (Tps) between two primary­
side legs while keeping constant switching frequency. 
During the delay time, two upper/lower switches turn 60 

on and the power flow towards the load is blocked. T 
can be the duration of two consecutive pulses includini 
dead time td. Therefore, the power delivery can be done 
within the rest of the time where a diagonal pair of 
switches turns on. In each cycle, such condensed power 65 

delivery can cause higher resonant current peak and 
eventual higher conduction loss compared to non-

4 
phase-shift control. Aside from the high resonant cur­
rent, another issue lies in the zero-voltage-switching 
(ZVS) range. The SRC can lose the ZVS feature under 
light load and low output voltage conditions. Never­
theless, PSM can be used effectively to regulate output 
voltage all the way down to zero. 

2) VFM: This variable-frequency control method regu­
lates output voltage by changing the switching fre­
quency. Unlike phase-shift control, variable-frequency 
control does not have idle state in power delivery, so 
the resonant current peak is relatively low. However, 
generating output voltage that approaches zero using 
VFM would use unrealistic zero or infinite switching 
frequency. Wide switching frequency range is unavoid­
able for setting up a rectified sinusoidal wave especially 
under light load. The practical limitations and the lack 
of full-range ZVS feature make VFM alone an unat­
tractive option. Also, the drawback under light load 
heavily restricts its applicability. However, to avoid 
this, the present hybrid modulation controller 103 uses 
a hybrid control method that replaces VFM with other 
modulation methods such as PDM or SPDM for prob­
lematic areas of a waveform including low or zero 
output voltage areas. 

3) PDM/SPDM: Pulse density control methods can be 
used a length of blank time T blank where all switches 
turn off to adjust output power and long blank time 
results in low output power. It is also known as pulse 
frequency (Tpulse-l) control while the term "pulse 
density" is chosen to be better distinguished from the 
switching frequency. Pulse density control can be used 
in burst mode for improving SRC light-load efficiency. 
The frequency of each gate signal can be chosen close 
to the resonant frequency where SRC has maximum 
efficiency. When the number of consecutive pulses 
before the blank time is high, output voltage can have 
a large low-frequency ripple. Since the pseudo DC-link 
capacitance in a SRC-PDI can be small, such ripple 
becomes tremendous and unacceptable. The present 
hybrid modulation controller 103 uses a hybrid control 
method that can utilize PDM (or SPDM) while mini­
mizing drawbacks by switching between control meth­
ods as described further below. 

TABLE 1 

Comparison of Constituent Modulation Methods 

PSM VFM PDM 

Modulation Full Unable to Full 
range modulate 

in low 
output region 

Switching loss ZVS except ZVS except Equivalently 
reduction for low-output/ for low-output/ low frequency 

light-load light-load in terms 
region region of switching 

losses 
Resonant High Medium Very high 

current 

The features of PSM, VFM and PDM are summarized in 
Table I. Hybrid modulation controller 103 can use 2, 3, or 
more of these modulation techniques to maximize their 
benefits while minimizing their drawbacks. For example, 
VFM and PDM individually have deficiencies that make 
them generally difficult to utilize. However, a hybrid modu­
lation method that modifies and combines these techniques 
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can provide a practical option for SRC-PDI. When output is 
6 

form or wave shape based on resonant circuit arrangement. 
The figure also shows a graph 203 that includes switching 
control signals for modulator or inverter switches Q 1, Q2 , 

Q3 , and Q4 as well as unfolder switches Q5 , Q6 , Q7 , and Q8 . 

The device gate signals of the hybrid modulation tech-
nique implemented by the hybrid modulation controller 103 
are plotted. Q 1-Q4 can include high-frequency switches and 
Q5-Q8 can include line-frequency switches. A diagonal pair 
of switches (e.g., Q 1 and Q4 ) can conduct simultaneously, 

in high absolute-voltage region (i.e., high-output region), the 
hybrid modulation controller 103 can control the modulation 
component 106 using VFM, for example, in order to have 
relatively low resonant current. The VFM can have switch- 5 

ing frequency beyond resonant frequency. In low-line 
region, the hybrid modulation controller 103 can control the 
modulation component 106 in a modified short pulse density 
modulation or SPDM. On top of smooth transition toward 
VFM region, SPDM can include the switching loss reduc­
tion from PDM while maintaining a comparatively lower 
resonant current peak. The SPDM control can be considered 

IO while a pair of switches on a same leg (e.g., Q 1 and Q2 ) can 
be complementary with shoot-through-preventing deadtime. 
When the output voltage reaches a maximum V om at tm, line 
angle 01 can be defined to be 0° and the switching frequency 
can be minimal. 

a PDM control type. 
The modulation component 106 can include switches Q1, 

Q2 , Q3 , and Q4 arranged in a full bridge, half bridge, or other 15 

circuit arrangement. The modulation component 106 can 
take DC voltage v as an input, and modulate this DC voltage 
into an AC voltage or other modulated voltage, and provide 
the modulated voltage to a transformer circuit or transformer 
component 109. The hybrid modulation controller 103 can 
control the switches Qi, Q2 , Q3 , and Q4 to generate the 
modulated voltage based on the DC voltage. 

Once the output voltage reaches a mode change boundary 
angle 0b at mode change boundary time tb, the switching 
frequency stops rising and pulse density begins to decrease. 
In other words, in some examples, the mode change bound­
ary angle 0b can be selected to be a point where the 

20 switching frequency is maximized. The definition of switch­
ing frequency fs and pulse density pp can be listed in 
equations ( 1) and (2). 

A number of passive or active circuit components can also 
J,=IIT, (I) 

(2) 

Ts can be the duration of two consecutive pulses, includ­
ing dead-time, and Tpulse can be the time from the end of a 

be utilized in conjunction with transformer component 109 
based on the converter type. For example, Lr, Lm, and Cr can 25 

be discrete components or constituent representations asso­
ciated with the transformer component 109. The transformer 
component 109 can also transform a magnitude of the 
modulated voltage based on the ratio of turns n: 1 of the 
transformer component 109. 

The rectifying component 112 can include switches or 
diodes D 1, D2 , D3 , and D4 arranged in a full bridge, half 
bridge, or other circuit arrangement. The rectifying compo­
nent 112 can rectify the modulated voltage into a rectified 
modulated voltage yr. In some cases, the capacitor or 35 

capacitance Cf can be included to smooth this voltage, and 

30 
blank time to the next end. At the termination of a positive 
half cycle of the waveform, the unfolding component 115 
switches at the zero-crossing-point t

2 
where 01 is 90°. In the 

positive/negative half cycle, the circuit operation can be 
symmetrical to the output peak/valley. High-frequency gate 

in other examples Cf can be omitted. Where D 1, D2 , D3 , and 

signals can be identical in both half cycles. 
FIG. 3 shows an equivalent circuit model 303, a graph 306 

of waveforms for an example VFM region of the hybrid 
modulation controlled DC-to-AC converter 100. FIG. 3 also 
shows a graph 309 of switching frequency over line angle 

D4 are switching diodes or switches, the hybrid modulation 
controller 103 or a separate control device can provide 
control signals. 

The unfolding component 115 can include switches Q5 , 

Q6 , Q7 , and Q8 arranged in a full bridge, half bridge, or other 
circuit arrangement. The unfolding component 115 can take 
the rectified modulated voltage vr as an input and unfold it 

40 
for a particular quality factor. The equivalent circuit model 
303 includes an equivalent input voltage V;e, an inductance 
Lr in series with a capacitance Cr and an equivalent resis­
tance Re. An equivalent output voltage Voe can be across the 
equivalent resistance Re. 

to generate an unfolded AC output voltage v 
0

• While the load 45 

is represented as a resistive load, the load can also include 
reactive components and effects. 

Except for the ZVS mechanism near peak output, mag­
netizing inductance Lm can be neglected in some simplified 
analyses. The switching frequency can be maintained higher 50 

than series resonant frequency, causing a LLC converter to 
behave like a SRC. In addition, mathematical expressions 
can be very complex while changing the resulting calcula­
tions in a minimal manner. As a result, in some cases the 
calculations discussed herein can include simplified expres- 55 

sions, while more accurately modeled expressions can also 
be utilized in other examples. While other examples can be 
used, one example can be based on a400V-230Vac SRC-PDI 
arrangement. This can achieve output power of 2 kW and 
peak efficiency of 98.0%. This shows that the hybrid modu- 60 

lation control techniques implemented using the hybrid 
modulation controller 103 can be greater than conventional 
controlled SRC-PDI devices. 

Details of VFM operation of the hybrid modulation 
controlled DC-to-AC converter 100 can be depicted on 
graph 306, where output voltage can vary minimally or can 
be substantially constant under a small time scale. Power 
delivery can include no idle state as current can be delivered 
constantly to the load by the rectifier diodes. In order to 
obtain ZVS, f can exceed series resonant frequency fr, which 
can be defined in equation (3). 

(3) 

Thus, Q 1 and Q4 can turn off at t1 with current i
0
ff. With 

the assistance of i
0
ff, the parasitic output capacitor of Q 1 and 

Q4 can be fully discharged before t2 so ZVS tum-on can be 
achieved. However, when output voltage and output current 
are low, the instantaneous power is also low, and the 
resonant current can drop. In this circumstance, i

0
ff can be 

insufficient for complete discharge regardless of the timing FIG. 2 shows an example of the operation of the hybrid 
modulation controlled DC-to-AC converter 100. Example 
waveforms are provided for vhf' v r' and v 0 • The waveforms 
for Vhf' V r' and v O are illustrative, and can differ in wave-

65 of tum-off. As a result, the hybrid modulation controller can 
switch to SPDM, PDM, or another appropriate modulation 
method at a mode change boundary angle 0b, that prevents 
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the VFM region from being overextended into a low-output 
region that can deprive the ZVS characteristic. 

8 
case, this highlights one example of how the hybrid modu­
lation controller 103 can select mode change boundary angle 
0b based on switching frequency and various real-time 
circuit parameters detected for the hybrid modulation con-

If fs decreases toward fr, t 1 can shift right and i
0
ff can 

reduce. Moreover, when fs matches fr, i
0
ff can substantially 

reach zero. This can happen at output peak where fs is 
selected to be close to fr in order to optimize efficiency. The 
issue of low i

0
ff can be handled by Lm, which can provide a 

minimum value of i
0
ffdescribed in equation (4) and it is most 

effective at output peak (01=0°). Although the effect of Lm 
fades away with 01 increasing, the original i

0
ff should be 

sufficient due to high fs. The ZVS in VFM is the only part 
that Lm is involved and as formerly stated, the rest of the 
analysis assumes Lm is large enough to be neglected. 

5 verter 100. These circuit parameters can include output 
current and output voltage among others. The potential 
drawbacks of VFM in light-load modulating capability can 
be overcome using SPDM, as illustrated in FIG. 4. The 
hybrid modulation controller 103 can combine these or any 

10 selected set of modulation methods, and can maximize 
efficiency and the general benefits of each of the modulation 
methods as described herein. 

FIG. 4 shows an equivalent circuit model 403 and a graph 

ioff _min = Lm_pk 
(4) 

15 406 of waveforms for an example SPDM region of the 
hybrid modulation controlled DC-to-AC converter 100. The 
equivalent circuit model 403 includes an equivalent input 
voltage Vie' an inductance Lr in series with a capacitance Cr, 

Under VFM operation the voltage gain of the SRC can be 
20 

derived by using a harmonic approximation method using 
the equivalent circuit model 303, where equivalent load 
resistance Re can be defined by equation (5). 

(5) 25 

and an equivalent output voltage Voe· 
Example steady-state waveforms of SPDM can be shown 

in the graph 406. Unlike regular PDM where fs is close to fr, 
for efficiency optimization, the fs in SPDM can correspond 
to the highest fs in VFM, which can be far beyond fr. In order 
to suppress output voltage ripple, the SRC can enter blank 
time after two pulses, and therefore the circuit operation can 
be divided into five intervals. 

The normalized voltage gain (M) equation can be derived 
in equation (6) and then modified to switching frequency 
equation in equation (7). The definition of effective quality 
factor Qe can be shown in equation (8). 

Interval 1 [ts0 -ts1]: The DC-DC stage can awake from 
blank time at tso· Q 1 and Q4 tum on with ZCS so regrettably 
energy loss from device parasitic capacitance is induced. 

30 Both the resonant inductor current ILr and resonant capacitor 
voltage V cr increase, which indicates the expand of resonant 
tank energy. 

M(J;) = Voe = I R, I 
Vg, 1 . 

R, + -. -- + J2nJ;L, 
12nJ;C, 

J; = f, 
l-M 2 1 

l+--+-
4(1 -M 2

) (1 -M 2)2 
---+---

(6) 35 

(7) 

Interval 2 [ts1-ts2 ]: Q 1 and Q4 can tum off at ts1 and then 
the tum-off current discharges the parasitic output capaci­
tance of Q2 and Q3 . Q2 and Q3 can obtain ZVS turn-on after 
their drain-source voltages are completely reduced to zero. 
In the entire interval, ILr keeps decreasing but V cr is still 
charging up. 

Interval 3 [ ts2 -ts3 l: In this interval, the resonant inductor 
2M2Q; 2 M2Q; M 4Q; 

(8) 

40 can accumulate energy and the current can flow in reverse 
direction. The increasing rate of current can be sharper than 
interval 1 as a result of the resonant capacitor energy. 
However, interval 3 can be shorter than interval 1 since Q2 

and Q3 can already be turned on in interval 2. 
Interval 4 [ts3-ts4 ]: All switches can be turned off and 

current can flow through the body diode of Q 1 and Q4 . The 
resonant tank returns energy in this interval. 

These equations can be utilized to identify a mode change 45 

boundary angle 0b. For example, the mode change boundary 
angle 0b can correspond to the line angle 01 indicated in 
graph 309 for a particular switching frequency, which can 
correspond to a maximum switching frequency of a switch­
ing device, and/or a selected maximum frequency being 
utilized by the hybrid modulation converter 100. 

Interval 5 [ts4-ts5 ]: Interval 5 can correspond to the blank 
time. All switches can remain off and no more actions are 

50 taken in the SRC. 

M can be a sinusoidal function of 01 as plotted in graph 
309, because it is naturally proportional to the output volt­
age. Since equation (7) has expressed fs in terms of M, the 
changes offs over 01 can be solved and plotted in graph 309 55 

as well. While the result is based on a particular Qe, fs over 
01 can also vary based on circuit conditions as can be 
understood. The results show that the slope offs over fs can 
increase rapidly when Qe decreases. This implies that with a 
given frequency variation span, the available modulation 60 

range can be narrower under a light-load condition. In the 
shown example with Qe of 2.0, fs can vary from 80 to 250 
kHz, and the largest fs results in 80° for mode change 
boundary angle 0b as shown by 01 corresponding to a 
switching frequency of 250 kHz. However, as can be seen, 65 

if the switching frequency is 150 kHz, in this case the mode 
change boundary angle 0b can be selected as 70°. In any 

In summary, Q2 and Q3 obtain ZVS turn-on while Q 1 and 
Q4 obtain ZCS turn-on. Hard tum-off can appear at all 
switches, but its impact can be limited by modern semicon­
ductor devices. Furthermore, both turn-on and turn-off 
losses can be weighted by pulse density pp, so overall 
switching loss in the SPDM region is reduced. 

From the perspective of loss analysis and output modu­
lation, it is necessary to find out the relationship between pp 
and output voltage, which can be accomplished via time­
domain analysis. The equivalent circuit model 403 can 
provide the output as a constant de source throughout state 
1 to state 4. In this example, the devices can be considered 
to be ideal switches with Lm as infinite. Cr can be considered 
fully depleted in state 5 to simplify the analysis, while the 
assumption will be weaker if fs is too close to fr The state 
equations in each interval can be derived in equations 
(9)-(11) with parameters summarized in Table II. 
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Kir 
ii,(t) = -sin(w,(t-t,)-/3) z, 

9 

vc, (t) = Kvrcos(w,(t - t,) - /3) + 0 

w,=-
1
-,Z,= ~ 

{4c; ~c: 

TABLE II 

(9) 

(10) 

(11) 

10 
(6V;n-6nV

0
), (8V;n-8nV

0
) and can increase as an arithmeti­

cal ascending sequence until output voltage is heavily dis­
torted. The phenomenon of ascending can be analogous to 
the start-up issue in a DC-DC LLC resonant converter, 

5 which can tend to energize the resonant tank rapidly during 
start-up and cause ringing. Therefore, the proposed SPDM 
can be a PDM control method that utilizes a two-pulse 
pattern to restrict every "energizing" process and stop before 
resonant voltage and current grow excessive. With this 

Parameters for SPDM State Equations 

Interval 2 3 4 

(V,,, V00 ) (V,n, nV0 ) (-V,m nV 0 ) 

t, t,o t,1 

v,n - nVO ✓cv,a + nVa + vc,(t,)) 2 + (ii,(t,)Z,) 2 

0 v,n - nVO -v,n-nVO 

~ 0 tan- 1( ir,(t,)Z, ) 
Vin + n Va+ VcrCti) 

0 

(K;, K) (I, -1) (-1, 1) (-1, 1) (I, -1) 

The duration of each interval (i.e., T 1 to T4 ) can be found 
in equation (12), where ~xis the initial angle ~ for interval 
x. Since some of the parameters rely on initial conditions of 30 

an individual interval, state equations can be solved in the 
sequence of events. Based on equation (9), the total charge 
Q,

0
, sent to the load can be calculated by equation (13), 

where rx is the state trajectory radius r for interval x. Finally, 

two-pulse pattern, SPDM can outperform PDM because it 
can shorten the energizing process and alleviate component 
stresses. 

FIG. 5 illustrates a hybrid modulation controller 103 of 
the hybrid modulation converter 100. The hybrid modula­
tion controller 103 can include a difference circuit or com­
parator 503, a phase detector 506, SPDM compensator 509, 
VFM compensator 512, mode change angle controller 515, 
and gate signal generator 518, among other components. 

the average output current within [tsO, ts5] is entirely 35 

produced by Q,
0

,, so pp can be derived in equation (14). The 
value of pp can be unity whenever the inverter operates with 
VFM, so it falls earlier under light-load condition to make 

While the compensators can correspond to SPDM and VFM 
in this example, if another set of modulation techniques are 
used then the compensators can correspond to that set of up for the vacancy left by VFM. 

(12) 

40 modulation techniques. 
The hybrid modulation controller 103 can depend on the 

particular application. This example shows a control block 
diagram when SRC-PDI is used as a standalone inverter. 

4 4 

Q,a, = IQk = n r[f'k lir,(t)ldt) = nC,[r,(1- cos(w,T,)) + 
(13) 45 

Output voltage v 
O 

can be the object of control so voltage 
sensing devices and the comparator 503 can be tracking the 
v 

O 
against the reference V ref' which can be internally gen-k=l k=l 1s(k-1) 

r2(1 - cos(/32)) + r3(1 - cos(w,T,)) + r4(l - cos(/34))] 

(14) 

The state equations can provide modulation gain formula 
and also quantify circuit operation, which can be useful in 
describing the difference between SPDM and PDM. Under 
PDM (fs=fr), state 1 and state 3 each can take half of an 
active cycle, while state 2 and state 4 can be substantially 
omitted. Following equation (10), the resonant capacitor 
voltage can become (2V;n-2n V 0) at the end of interval 1 and 
-(4V;n-4nV

0
) at the end of interval 3. 

The later one can reach 1.6 kV when the input is 400 V. 
Such high resonant voltage and corresponding high resonant 
current can create large component stresses and seriously 
harm inverter efficiency under PDM. The situation could be 
even worse if PDM had more than two consecutive pulses. 
In that case, the peak of resonant capacitor voltage can reach 

erated by the hybrid modulation controller 103 or a separate 
component. To switch between VFM and SPDM, SRC-PDI 
can decide the mode change angle 0b based on load condi-

50 tions and other real-time parameters and as discussed above. 
Given a maximum switching frequency fs max and other 
circuit parameters, eb can be calculated with the aid of 
equation (6) or by a lookup table. Maximum switching 
frequency fs max quality factor, and other circuit parameters 

55 can be inpufinto the equation (6) or can be used as keys to 
identify an appropriate value of 0b based on load conditions 
that can affect real-time circuit and output parameters. 

The gate signal generator 518 or another component of 
the hybrid modulation controller 103 can compare 0b with 

60 instant 01 decide whether to utilize the SPDM compensator 
509 or the VFM compensator 512. In this example, if 0 1<0b, 
then Tblank=0, and fs varies. However, if 0 1>0b, then 
fs=fs max' and Tblank varies. The gate signal generator 518 
can i:hen generate control signals Q 1, Q2 , Q3 , and Q4 . In 

65 some cases, control signals for Q 1 and Q4 can be the same 
or equivalent to each other. Control signals for Q2 and Q3 

can also be the same or equivalent to each other. 
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TABLE III In other applications like an example with a grid-tied 

inverter, the object of control might become output current 

and 0 1 can be provided by a phase-locked loop. If input bus 

needs to be regulated, it can also be involved in one or more 

of the compensator components. However, the gate signals 

can be generated once fs, Tblank, 01 and 0b are known. As a 

result, these parameters can be the basis of many different 

examples of hybrid modulation control types featuring any 

set of two modulation techniques used for various imple­

mentations. 

The fs at 01 of 0° can be the minimum switching frequency 

fs_min and can be chosen as fr to utilize the SRC optimal 

point. Therefore fs_max' the fat 0b, can determine the range 

of switching frequency variation. There can be upper limits 

for fs_max due to permeability roll-off, controller speed and 

other factors. In addition, the ZVS feature in VFM region 

can be lost if fs_max is overextended. The turn-off current at 

0 b can be calculated in equation ( 15), where V om is the peak 

output voltage. The resonant voltage ripple /1,. Ver _b can be 

estimated by equation (16). Given deadtime td and time­

related equivalent output capacitance Coss_tr of each pri­

mary-side device, such tum-off current can comply with 

equation (17) to achieve ZVS. 

(15) 

(16) 

(17) 

5 

IO 

15 

20 

25 

30 

Loss type 

pcond 

Pd, 

Pon 

Poff 

pdiode 

puf 

Pc, 
Pcu 
PF, 

FORMULAS FOR LOSS ANALYSIS 

Formula 

2(1I
0
1)(v) 

JT
2 (1Jol>2 

--
4

-Rds(on)_uf 

2 
ILr_rms

2
Rcr 

2 IL,--= (RL, + Rp,; + n R,ec) 
(22) for transformer core loss and replace Bm 

with (26) for resonant inductor core loss 

Rds(on)' Vsd, Eoss' Eoff' Rds(on)_uf' Rcr, RLr, Rpri' Rsec' NLr, 

Ae2 can be primary-side device on-resistance, body-diode 
forward voltage, output capacitance stored energy, turn-off 
energy, unfolder on-resistance, equivalent series resistance 

35 of resonant capacitor, resonant inductor winding resistance, 
transformer primary-side resistance, secondary-side resis­
tance, resonant inductor number of turns, and core area, 
respectively. 

The lower bound of fs_max can be an indicator of design 40 

rather than a hardware limit or warning line. One way to set 

Regarding transformer design, maximum magnetic flux 
density Bm of the transformer can be expressed as equation 
(20), where Ae and NP are core cross-sectional area and 
primary-side number of turns. Based on equation (20), B 
peaks with output voltage at fs_min• Therefore, the selection 

the lower bound is by analyzing the resonant current peak in 

SPDM region. According to the state equations, the first 

resonant current peak (at ts1 in graph 406 of FIG. 4) is 45 
of core material starts with the ones suitable for fs min• This 
can be selected based on data indicating a manufacturer's 
instruction. The risk of transformer saturation can be also 
limited by checking at fs min• The permeability roll-off can 

calculated according to equation ( 18) and maximized around 

the zero-crossing-point in a certain line cycle. Equation (18) 

shows that a lower ratio of f)fr can lead to a higher peak. occur after fs_max· -

The lower bound can be decided by the following two 50 

steps: (a) Assign a limit i1im SPDM to the resonant current 
peak (e.g., 70% of nominal output current), (b) Estimate the 
lower bound off fs_max using equation (19). 

(20) 

. Viu - nV 0 ·n( W,) 
Zr,(/,1) = ---SJ -

Z, 2J; 

fs max 7f 
--->------

!, - . -l(ilim SPDMZ,) sm 
v'tn 

(18) 

(19) 

After both upper and lower bounds of fs max are deter­
mined, the actual fs max can be selected for optimal efficiency 
based on loss analysis equations later shown in table III. In 
general, a higher fs max can restrain the span of SPDM 
region, where the tum-on loss exists. 

55 Since the SRC can have a normalized voltage gain of one 
at output peak/valley, the transformer turns ratio n should 
satisfy equation (21). After n is chosen and Lm is determined 
by equation (4), the design of core size (i.e., AJ and actual 
numbers of turns can be initiated. The estimation formulas 

60 of core loss and copper loss can be shown in equations (22) 
and (23). 

Ve' Awp' Aws' CJ and MLT are core volume, primary-side 
wire area, secondary-side wire area, copper conductivity and 
mean length per tum, respectively. Ki, kf and kb are the 

65 coefficients of Steinmetz's equation. ILr rms can be the RMS 
value of the resonant current, and can be calculated by 
equation (24). This value can also be identified based on 
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software simulation. Some examples can obtain least total 
loss without violating core window area restriction of equa­
tion (25), where WA and KN, are window area and filling 
factor. Equations (22) to (25) include three major variables 
(Ae, WA, NP), so an iterative process can be used in order to 5 

find the optimal solution. 

(21) 

14 
be implemented as a combination of discrete and integrated 
analog and digital components. 

FIG. 6 includes a flowchart 600 that describes function­
alities performed by components of the hybrid modulation 
converter 100. While the flowchart 600 is discussed as being 
performed by the hybrid modulation controller 103, aspects 
of the flowchart 600 can be performed by other components 
of the hybrid modulation converter 100. Segmentation and 
arrangement of the order of the steps are by way of example. 

(22) 
PxR_Fe = 

IO The steps can be performed in another order, scrambled 
relative to one another in any sequence and/or concurrently 
with any level of timing overlap as can be understood. 

In step 603, the hybrid modulation controller 103 can 
monitor real-time circuit parameters of the hybrid modula-

2 Nv(MLT)( 1 n ) 
PxR_Cu = ILr_rms ___ A+ A 

(T wp ws 

(23) 

(24) 

15 tion converter 100. Output voltage, output current, maxi­
mum switching frequency, quality factor, and other circuit 
parameters can be detected using appropriate sensor or 
detector circuits. 

In step 606, the hybrid modulation controller 103 can 
]Lr_rms = 

(25) 

20 determine an output voltage error. This can enable the hybrid 
modulation controller 103 to generate control circuit updates 
or modifications to initial or base gate control signals for the 
modulation component 106. Since the hybrid modulation 

Regarding device and component selection, the design of 25 
the unfolding component 115 can be selected for low 
on-resistance and low cost semiconductor switches like 
super-junction (SJ) MOSFETs, despite high parasitic capaci­
tance. This is because Q5 -Q8 can be substantially free from 
switching losses. However, Q 1-Q4 can demand more careful 30 

design since their Coss tr dominates the ZVS condition as 
shown in equation (17). A tradeoff between device on­
resistance and parasitic capacitance can be made. 

The design of the switches for a switched rectifier com­
ponent 112 can be similar to Q 1-Q4 and can include a 35 

tradeoff between diode forward voltage drop and parasitic 
junction capacitance. The junction capacitance and diode 
reverse recovery characteristic can hinder the ZVS condition 
in a subtle way. The impact can be minimized if the junction 
capacitance reflected to the primary side is much smaller 40 

than Coss tr· 

controller 103 combines two different modulation tech­
niques, it can include two different compensator components 
509 and 512, corresponding to these modulation techniques. 
For example, an SPDM compensator 509 can provide an 
updated T blank to utilize for gate signal generation. The 
updated T blank can decrease or correct the output voltage 
error voe or difference between actual output voltage v 

O 
and 

a reference voltage vref" A VFM compensator 512 can 
provide an updated fs to utilize for gate signal generation. 
The updated fs can decrease or correct the output voltage 
error voe or difference between actual output voltage v 

O 
and 

a reference voltage v ref" These modulation parameters, 
which can include parameters corresponding to each of the 
modulation types, can be provided to a gate control signal 
generator 518 or another component of the hybrid modula­
tion controller 103. 

In step 609, the hybrid modulation controller 103 can 
identify line angle 01. For example, a phase detector circuit 
506 or another device can be utilized to identify the line 
angle 01. The phase detector circuit can take an input of the 
real-time circuit parameters such as output voltage, output 

In various embodiments, the controllers described herein 
can be embodied as a collection of discrete, integrated, or a 
mixture of discrete and integrated analog, digital, or mixed 
analog and digital hardware circuit components. For 
example, the hybrid modulation controller 103 can be 
embodied as a collection of discrete analog, digital, or mixed 
analog and digital hardware circuit components. The hard­
ware can include one or more discrete logic circuits, micro­
processors, microcontrollers, or DSPs, application specific 
integrated circuits (ASICs), programmable logic devices 
(e.g., field-programmable gate array (FPGAs), or complex 
programmable logic devices (CPLDs)), among other types 

45 current, and the reference voltage. The line angle 01 can be 
provided to a gate control signal generator 518 or another 
component of the hybrid modulation controller 103. 

In step 612, the hybrid modulation controller 103 can 
identify the mode change angle 0b. For example, a mode 

50 change angle controller 515 can take an input of the real­
time circuit parameters including the output current, output 
voltage, and other parameters. The mode change angle 
controller 515 can identify the mode change angle 0b in view 

of processing circuitry. of these real-time circuit parameters. 
For example, the mode change angle controller 515 can 

calculate the mode change angle 0b by using equation (6), or 
by a lookup table. Maximum switching frequency fs max 

quality factor, and other circuit parameters can be input into 
the equation (6) in view of the other equations herein, in 

In some cases, the microprocessors, microcontrollers, or 55 

DSPs can execute software to perform the control aspects of 
the embodiments described herein. Any software or program 
instructions can be embodied in or on any suitable type of 
non-transitory computer-readable medium for execution. 
Example computer-readable mediums include any suitable 
physical (i.e., non-transitory or non-signal) volatile and 
non-volatile, random and sequential access, read/write and 
read-only, media, such as hard disk, floppy disk, optical disk, 
magnetic, semiconductor (e.g., flash, magneto-resistive, 
etc.), and other memory devices. Further, any component 65 

described herein can be implemented and structured in a 
variety of ways. For example, one or more components can 

60 order to identify an appropriate value of 0b based on load 
conditions that can affect real-time circuit and output param­
eters. The mode change angle 0b can be provided to a gate 
control signal generator 518 or another component of the 
hybrid modulation controller 103. 

In step 615, the hybrid modulation controller 103 can 
generate gate control signals according to a hybrid modu­
lation technique that combines multiple modulation tech-
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niques. The gate control signal generator 518 or another 
component of the hybrid modulation controller 103 can 
generate gate control signals based on the mode change 
angle 86 , line angle 8z, and the modulation parameters. 

Aspect 1 describes a computer-implemented method for 
generating a waveform, comprising: determining a hybrid 
modulation pattern that separates switch gating control into 

16 

a plurality of control regions for a half cycle of the wave­
form, wherein a first control region controls the plurality of 
switches according to a first modulation technique and a 
second control region controls the plurality of switches 
according to a second modulation technique; and controlling 
a plurality of switches of a resonant converter according to 
the hybrid modulation pattern to generate the waveform. 
Aspect 2 describes the computer-implemented method of 
aspect 1, wherein the hybrid modulation pattern utilizes a 
short pulse density modulation (SPDM) technique for the 
first control region, and the hybrid modulation pattern uti­
lizes a variable frequency modulation (VFM) technique for 
the second control region. Aspect 3 describes the computer­
implemented method of any one of aspect 1 or 2, wherein the 
first control region comprises a low-output region relative to 

region relative to the threshold voltage. Aspect 15 describes 
the system of any one of aspects 9-14, wherein the modu­
lating circuit and the rectifying circuit comprise a series 
resonant converter. Aspect 16 describes a non-transitory 
computer readable medium comprising executable instruc­
tions that cause at least one computing device to at least: 
determine a hybrid modulation pattern that separates switch 
gating control into a plurality of control regions for a half 
cycle of the waveform, wherein a first control region modu-

lo !ates according to a first modulation technique and a second 
control region modulates according to a second modulation 
technique; and control a plurality of switches of a resonant 
converter according to the hybrid modulation pattern to 

15 
generate the waveform. Aspect 17 describes the non-transi­
tory computer readable medium of aspect 16, wherein the 
hybrid modulation pattern utilizes a short pulse density 
modulation (SPDM) technique for the first control region, 
and the hybrid modulation pattern utilizes a variable fre-

a threshold voltage and the second control region comprises 
a high-output region relative to the threshold voltage. Aspect 

20 quency modulation (VFM) technique for the second control 
region. Aspect 18 describes the non-transitory computer 
readable medium of aspect 16 or 17, wherein the first control 
region comprises a low-output region relative to a threshold 
voltage and the second control region comprises a high-

25 output region relative to the threshold voltage. Aspect 19 
describes the non-transitory computer readable medium of 
any one of aspects 16-18, wherein the resonant converter is 
coupled to an unfolding circuit, and the waveform comprises 
a sinusoidal waveform. Aspect 20 describes the non-transi-

4 describes the computer-implemented method of any one of 
aspects 1-3, wherein the plurality of switches are primary­
side switches of the resonant converter. Aspect 5 describes 
the computer-implemented method of any one of aspects 
1-4, wherein the resonant converter is a series resonant 
converter. Aspect 6 describes the computer-implemented 
method of any one of aspects 1-5, wherein the resonant 
converter is coupled to an unfolding circuit, and the wave­
form comprises an alternating current (AC) waveform. 
Aspect 7 describes the computer-implemented method of 
any one of aspects 1-6, wherein the waveform comprises a 35 

sinusoidal wave. Aspect 8 describes the computer-imple­
mented method of any one of aspects 1-7, wherein a primary 
side of the resonant converter is soft-switched. 

30 tory computer readable medium of any one of aspects 16-19, 
wherein a primary side of the resonant converter is soft­
switched. 

Although the functionalities, services, programs, and 
computer instructions described herein can be embodied in 
software or code executed by general purpose hardware as 
discussed above, as an alternative the same can also be 
embodied in dedicated hardware or a combination of soft­
ware/general purpose hardware and dedicated hardware. If 
embodied in dedicated hardware, each can be implemented 

40 as a circuit or state machine that employs any one of or a 
combination of a number of technologies. These technolo­
gies can include, but are not limited to, discrete logic circuits 
having logic gates for implementing various logic functions 
upon an application of one or more data signals, application 

Aspect 9 describes a system for waveform generation, the 
system comprising: a modulating circuit comprising a plu­
rality of switches controlled according to a hybrid modula­
tion pattern that separates switch gating control into a 
plurality of control regions for a half cycle of a waveform, 
wherein a first control region controls the plurality of 
switches according to a first modulation technique and a 
second control region controls the plurality of switches 
according to a second modulation technique; and a rectify­
ing circuit communicatively coupled to the modulating 
circuit, wherein the system generates the waveform based at 
least in part on the hybrid modulation pattern. Aspect 10 50 

describes the system of aspect 9, further comprising: an 
unfolding circuit coupled to the rectifying circuit, wherein 
the unfolding circuit outputs the waveform. Aspect 11 
describes the system of aspect 9 or 10, wherein the unfolding 
circuit comprises a plurality of switches that are switched to 55 

generate a positive half-cycle and a negative half-cycle of 
the waveform. Aspect 12 describes the system of any one of 
aspects 9-11, wherein the modulating circuit is soft­
switched. Aspect 13 describes the system of any one of 
aspects 9-12, wherein the hybrid modulation pattern utilizes 60 

a short pulse density modulation (SPDM) technique for the 
first control region, and the hybrid modulation pattern uti­
lizes a variable frequency modulation (VFM) technique for 
the second control region. Aspect 14 describes the system of 
any one of aspects 9-13, wherein the first control region 65 

comprises a low-output region relative to a threshold voltage 
and the second control region comprises a high-output 

45 specific integrated circuits (ASICs) having appropriate logic 
gates, field-programmable gate arrays (FPGAs), or other 
components, etc. Such technologies are generally well 
known by those skilled in the art and, consequently, are not 
described in detail herein. 

Although flowcharts can show a specific order of execu-
tion, it is understood that the order of execution can differ 
from that which is depicted. For example, the order of 
execution of two or more blocks can be scrambled relative 
to the order shown. The flowcharts can be viewed as 
depicting an example of a method implemented by a com­
puting device. The flowchart can also be viewed as depicting 
an example of instructions executed in a computing device. 
Also, two or more blocks shown in succession can be 
executed concurrently or with partial concurrence. Further, 
in some embodiments, one or more of the blocks shown can 
be skipped or omitted. In addition, any number of counters, 
state variables, semaphores, or warning messages might be 
added to the logical flow described herein, for purposes of 
enhanced utility, accounting, performance measurement, or 
providing troubleshooting aids, etc. It is understood that all 
such variations are within the scope of the present disclo-
sure. 
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region, and the hybrid modulation pattern utilizes a variable 
frequency modulation (VFM) technique for the second 
control region. 

3. The computer-implemented method of claim 1, 
wherein the first control region comprises a low-output 
region relative to a threshold voltage and the second control 
region comprises a high-output region relative to the thresh­
old voltage. 

Also, the functionalities described herein that include 
software or code instructions can be embodied in any 
non-transitory computer-readable medium, which can 
include any one of many physical media such as, for 
example, magnetic, optical, or semiconductor media. More 
specific examples of a suitable computer-readable medium 
would include, but are not limited to, magnetic tapes, 
magnetic floppy diskettes, magnetic hard drives, memory 
cards, solid-state drives, USB flash drives, or optical discs. 
Also, the computer-readable medium can be a random 
access memory (RANI) including, for example, static ran­
dom access memory (SRAM) and dynamic random access 
memory (DRAM), or magnetic random access memory 
(MRAM). In addition, the computer-readable medium can 

4. The computer-implemented method of claim 1, 
10 wherein the plurality of switches are primary-side switches 

of the resonant converter. 
5. The computer-implemented method of claim 1, 

wherein the resonant converter is a series resonant converter. 
6. The computer-implemented method of claim 1, 

wherein the resonant converter is coupled to an unfolding 
circuit, and the waveform comprises an alternating current 
(AC) waveform. 

be a read-only memory (ROM), a programmable read-only 15 

memory (PROM), an erasable programmable read-only 
memory (EPROM), an electrically erasable programmable 
read-only memory (EEPROM), or other type of memory 
device. 7. The computer-implemented method of claim 1, 

20 wherein the waveform comprises a sinusoidal wave. Further, any logic or functionality described herein can be 
implemented and structured in a variety of ways. For 
example, one or more applications described can be imple­
mented as modules or components of a single application or 
set of instructions. Further, one or more instructions 
described herein can be executed in shared or separate 25 

computing devices or a combination thereof. 
The above-described examples of the present disclosure 

are merely possible examples of implementations set forth 
for a clear understanding of the principles of the disclosure. 
While aspects and figures are provided for clarity of dis- 30 

cussion, it is understood that the concepts described with 
respect to a particular figure or context can be utilized and 
combined with the concepts described with respect to the 
other figures and contexts. These variations and modifica­
tions can be made without departing substantially from the 35 

principles of the disclosure. All such modifications and 
variations are intended to be included herein within the 
scope of this disclosure and protected by the following 
claims. 

Therefore, the following is claimed: 
1. A computer-implemented method for generating a 

waveform, the method comprising: 
determining, using a hybrid modulation controller device, 

40 

a hybrid modulation pattern that separates switch gat­
ing control into a plurality of control regions for a half 45 

cycle of the waveform, wherein a first control region 
controls a plurality of switches according to a first 
modulation technique and a second control region 
controls the plurality of switches according to a second 
modulation technique; 50 

monitoring, using the hybrid modulation controller 
device, a line angle of the waveform to identify a match 
between the line angle and a predetermined mode 
change boundary angle that defines a boundary 
between the first control region and the second control 55 

region; and 
controlling, using the hybrid modulation controller 

device, a plurality of switches of the resonant converter 
according to the hybrid modulation pattern to generate 
the waveform, wherein the hybrid modulation control- 60 

!er device changes from the first control region to the 
second control region in an instance in which the line 
angle matches the predetermined mode change bound­
ary angle. 

2. The computer-implemented method of claim 1, 65 

wherein the hybrid modulation pattern utilizes a short pulse 
density modulation (SPDM) technique for the first control 

8. The computer-implemented method of claim 1, 
wherein a primary side of the resonant converter is soft­
switched. 

9. A system for waveform generation, the system com­
prising: 

a modulating circuit comprising a plurality of switches 
controlled according to a hybrid modulation pattern 
that separates switch gating control into a plurality of 
control regions for a half cycle of a waveform, wherein 
a first control region controls the plurality of switches 
according to a first modulation technique and a second 
control region controls the plurality of switches accord­
ing to a second modulation technique; 

a hybrid modulation controller that controls the modulat-
ing circuit to change from the first control region to the 
second control region based at least in part on a line 
angle of the waveform and a predetermined mode 
change boundary angle that defines a boundary 
between the first control region and the second control 
region, wherein the hybrid modulation controller 
device monitors the line angle; and 

a rectifying circuit communicatively coupled to the modu­
lating circuit, wherein the system generates the wave­
form based at least in part on the hybrid modulation 
pattern. 

10. The system of claim 9, further comprising: 
an unfolding circuit coupled to the rectifying circuit, 

wherein the unfolding circuit outputs the waveform. 
11. The system of claim 10, wherein the unfolding circuit 

comprises the plurality of switches that are switched to 
generate a positive half-cycle and a negative half-cycle of 
the waveform. 

12. The system of claim 9, wherein the modulating circuit 
is soft-switched. 

13. The system of claim 9, wherein the hybrid modulation 
pattern utilizes a short pulse density modulation (SPDM) 
technique for the first control region, and the hybrid modu-
lation pattern utilizes a variable frequency modulation 
(VFM) technique for the second control region. 

14. The system of claim 9, wherein the first control region 
comprises a low-output region relative to a threshold voltage 
and the second control region comprises a high-output 
region relative to the threshold voltage. 

15. The system of claim 9, wherein the modulating circuit 
and the rectifying circuit comprise a series resonant con­
verter. 
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16. A non-transitory computer readable medium compris­
ing executable instructions that cause at least one computing 
device to at least: 

determine, using a hybrid modulation controller device, a 
hybrid modulation pattern that separates switch gating 
control into a plurality of control regions for a half 
cycle of a waveform, wherein a first control region 
modulates according to a first modulation technique 
and a second control region modulates according to a 
second modulation technique; 

monitor, using the hybrid modulation controller device, a 
line angle of the waveform to identify a match between 
the line angle and a predetermined mode change 
boundary angle that defines a boundary between the 
first control region and the second control region; and 

control, using the hybrid modulation controller device, a 
plurality of switches of a resonant converter according 
to the hybrid modulation pattern to generate the wave­
form, wherein the hybrid modulation controller device 
changes from the first control region to the second 
control region in an instance in which the line angle 
matches the predetermined mode change boundary 
angle. 

20 
17. The non-transitory computer readable medium of 

claim 16, wherein the hybrid modulation pattern utilizes a 
short pulse density modulation (SPDM) technique for the 
first control region, and the hybrid modulation pattern uti­
lizes a variable frequency modulation (VFM) technique for 
the second control region. 

18. The non-transitory computer readable medium of 
claim 16, wherein the first control region comprises a 
low-output region relative to a threshold voltage and the 

10 second control region comprises a high-output region rela­
tive to the threshold voltage. 

19. The non-transitory computer readable medium of 
claim 16, wherein the resonant converter is coupled to an 

15 
unfolding circuit, and the waveform comprises a sinusoidal 
waveform. 

20. The non-transitory computer readable medium of 
claim 16, wherein the predetermined mode change boundary 
angle is identified based at least in part on at least one 

20 
real-time load condition parameter of a circuit comprising 
the resonant converter and the hybrid modulation controller 
device. 

* * * * * 
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