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CAPACITOR VOLTAGE BALANCING FOR MULTI -LEVEL LLC 

RESONANT CONVERTER 

TECHNICAL FIELD 

[0001]   The disclosure relates in general to  a mult i- level LLC 

resonant converter, and more part icularly, to techniques of 5 

methods and apparatuses for balancing capacitor voltage of 

bridge circuit  of mult i - level LLC resonant converter. 

 

BACKGROUND 

[0002]   The growing demand for medium and high -voltage 10 

applicat ions in industries, such as renewable energy systems, 

electric vehic le charging stat ions, photovoltaic (PV) generation, 

and industrial power supplies, has driven the development of 

mult i- level LLC resonant converters. However, mult i - level LLC 

resonant converters with various mult i level topologies, bring 15 

added complexity for managing the voltage balancing of mult iple 

f lying or series capacitors within the bridge circuit  or switch 

network of the converter. These capacitors are crit ical to the 

operation of the mult i - level converter, and ensuring that their 

voltages remain balanced is essential for maintaining proper 20 

converter functionali ty. Imbalanced capacitor voltages can lead to 

uneven voltage stress across the power switches, result ing in 

suboptimal performance, reduced eff iciency, and potential ly 

damaging the devices. Thus, there are needs for techniques of 

balancing capacitor voltages of mult i - level LLC resonant 25 

converter without variable duty cycles o r phase shif ts . 
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SUMMARY 

[0003]   The present disc losure describes techniques for  

applicat ion of balancing capacitor voltages of bridge circuit  (or 

switch network)  of mult i - level LLC resonant converter  while 5 

maintaining a constant 50% duty cycle without the need for 

variable duty cycles or phase shif ts.   

[0004]   The f irst aspect of the present disclosure features  a 

mult i- level LLC resonant converter. The mult i - level LLC resonant 

converter includes a bridge circuit  including mult iple 10 

capacitor-switch modules. The mult i- level LLC resonant converter 

also includes a LLC resonant tank coupled to the bridge circuit .  

The mult i - level LLC resonant converter also includes a rect i f ier 

circuit  coupled to the LLC resonant tank and including an output 

load. The mult i - level LLC resonant converter also includes a 15 

control ler coupled to the plural i ty of capacitor -switch modules and 

configured to measure voltages of capacitors of the mult iple 

capacitor-switch modules, an output voltage and an output current 

of the output load, and an input voltage of the bridge circuit .  To 

balance the voltages of the capacitors, the control ler executes 20 

operations of:  select ing, according to the output voltage of the 

output load and the input voltage of the bridge circuit ,  a 

voltage-level zone of a required output voltage of the bridge 

circuit  from a number of voltage-level zones corresponding to a 

number of the capacitors;  select ing a circuit  mode, with a highest 25 

value of the required output voltage of the bridge circuit ,  from at 

least one circuit  mode corresponding to the voltage -level zone, 

wherein the highest value of the required output voltage is 

corresponding values of the voltages of the capacitors; and  
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outputt ing PWM signals  corresponding to the circuit  mode , with a 

switching frequency, to switches of the plural i ty of 

capacitor-switch modules. 

[0005]   The second aspect of the present disclosure features  an 

operation method for balancing voltage of capacitors of a bridge 5 

circuit  of a mult i - level LLC resonant converter. The operation 

method includes measuring, by a control ler of the mult i - level LLC 

resonant converter, the voltages of the capacitors of mult iple 

capacitor-switch modules of the bridge circuit ,  an output voltage 

and an output current of an output load of a rect i f ier circuit  of the 10 

mult i- level LLC resonant converter, and an input voltage of the 

bridge circuit .  The operation method also includes select ing, by 

the control ler,  a voltage-level zone of a required output voltage of 

the bridge circui t  from a number of voltage -level zones 

corresponding to a number of the capacitors, according to the 15 

output voltage of the output load, and the input voltage of the 

bridge circuit .  The operation method also includes select ing, by 

the control ler,  a c ircuit  mode, with a h ighest value of the required 

output voltage of the bridge circuit ,  f rom at least one circuit  mode 

corresponding to the voltage-level zone, wherein the highest 20 

value of the required output voltage is corresponding values of 

the voltages of the capacitors. The operation method also 

includes outputt ing PWM signals corresponding to the circuit  

mode, with a switching frequency, to switches of the plural i ty of  

capacitor-switch modules.  25 

[0006]   The detai ls of one or more disclosed implementations are 

set forth in the accompanying drawings and the descript ion  below.  

Other features, aspects, and advantages wil l  become apparent 

from the descript ion, the drawings and the claims.  
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0007]   FIG. 1 is a block diagram i l lustrat ing a mult i - level  LLC 

resonant converter, according to some implementations of the 

present disclosure.  

[0008]   FIG. 2 is a f lowchart  i l lustrat ing a process for balancing 5 

voltages of capacitors of a bridge circuit  of a mult i - level LLC 

resonant converter, according to some implementations of the 

present disclosure.  

[0009]   FIG. 3 is a diagram i l lustrat ing a f ive -level LLC resonant 

converter including a control ler,  according to some 10 

implementations of the present disclosure. 

[0010]   FIG. 4A is a waveform diagram i l lustrat ing unbalanced 

voltage of the f ive-level LLC resonant converter in FIG. 3, 

according to some implementations of the present disclosure. 

[0011]   FIG. 4B is a waveform diagram i l lustrat ing balanced 15 

voltage of the f ive-level LLC resonant converter in FIG. 3, 

according to some implementations of the present disclosure. 

[0012]   FIG. 5 is a comparison diagram i l lustrat ing waveform 

diagrams as results of the conventional technique and technique 

provided by the present disclosure, for balancing capacitor 20 

voltages of mult i- level LLC resonant converter. 

[0013]   FIG. 6A is a diagram i l lustrat ing a midpoint diode 

clamped f ive-level LLC resonant converter  including a control ler,  

according to some implementations of the present disclosure. 

[0014]   FIG. 6B is a diagram i l lustrat ing a f lying-capacitor 25 
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f ive-level  LLC resonant converter  including a control ler,  according 

to some implementations of the present disclosure.  

[0015]   FIG. 6C is a diagram i l lustrat ing a f lying-capacitor 

three-level LLC resonant converter  including a control ler,  

according to some implementations of the present disclosure. 5 

[0016]   In the fol lowing detai led descript ion, for purposes of 

explanation, numerous specif ic detai ls are set forth in order to 

provide a thorough understanding of the disclosed embodiments.  

I t  wil l  be apparent, however,  that one or more embodiments may 

be pract iced without these specif ic detai ls.  In other instances, 10 

well-known structures and devices are schematical ly shown in 

order to simpl ify the drawing.  

 

DETAILED DESCRIPTION 

[0017]   The fol lowing disclosure provides many different  15 

embodiments, or examples, for implementing different features of 

the provided subject matter.  Specif ic examples of components 

and arrangements are described below to simpl ify the present 

disclosure.  These are, of course, merely examples and are not 

intended to be l imit ing.  For example, the formation of a f irst  20 

feature over or on a second feature in the descript ion that fol lows 

may include embodiments in which the f irst and second features 

are formed in direct contact, and may also include embodiments in 

which addit ional features may be formed between the f irst and 

second features, such that the f irst and second features may not 25 

be in direct contact. In addit ion, the present disclosure may 

repeat reference numerals and/or letters in the various examples. 
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This repetit ion is for the purpose of simplic ity and clarity and does 

not in i tself  dictate a relat ionship between the various 

embodiments and/or configurat ions discussed.  

[0018]   The terms “comprise,” “comprising,”  “ include,” “ including,” 

“has,” “having,” etc. used in this specif icat ion are open -ended and 5 

mean “comprises but not l imited.” The terms used in this 

specif icat ion generally have their ordinary meanings in the art and 

in the specif ic context where each term is used. The use of 

examples in this specif icat ion, including examples of any terms 

discussed herein, is i l lustrat ive only, and in no way l imits the 10 

scope and meaning of the disclosure or of any exemplif ied term. 

Likewise, the present disclosure is not l imited to various 

embodiments given in this specif icat ion.  

[0019]   These i l lustrat ive examples are given to introduce the 

reader to the general subject matter discussed here and are not 15 

intended to l imit the scope of the disclosed concepts.  The 

fol lowing sections  describe var ious addit ional features and 

examples with reference to the drawings in which l ike numerals 

indicate l ike elements, and direct ional descript ions are used to 

describe the i l lustrat ive embodiments but, l ike the i l lustrat ive 20 

embodiments, should not be used to l imit the present disclosure.   

The elements included in the i l lustrat ions herein may not be 

drawn to scale.  

[0020]   FIG. 1 is a block diagram i l lustrat ing a mult i - level  LLC 

resonant converter 100, according to some implementations of the 25 

present disclosure. The mult i - level LLC resonant converter 100 

includes a bridge circuit  110. The bridge circuit  110 includes 

capacitor-switch modules, 111-1 to 111-n, depending on demands 

of levels and structures for the LLC resonant converter. Each of 
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capacitor-switch modules, 111-1 to 111-n, may include a 

complementary pair of switches (such as S1a  and S1b ,  S2a  and S2b ,  

S3a  and S3b ,  or S4a  and S4b  in FIG. 3 and FIGs. 6A-6C) and one 

capacitor (such as C1-C4  in FIG. 3 and FIGs. 6A-6C). The 

mult i- level LLC resonant converter 100 also includes a LLC 5 

resonant tank 120 coupled to the bridge circuit  110. The LLC 

resonant tank 120 may include a resonant capacitor (such as C r  in  

FIG. 3 and FIGs. 6A-6C), a resonant inductor (such as L r  in FIG. 3 

and FIGs. 6A-6C) and a transformer (such as T  in FIG. 3 and FIGs. 

6A-6C) including a magnetizing inductor  (such as Lm in FIG. 3 and 10 

FIGs. 6A-6C). The transformer includes a turn rat io (such as n  in 

FIG. 3 and FIGs. 6A-6C). The mult i - level LLC resonant converter 

100 also includes a rect i f ier circuit  130 coupled to the LLC 

resonant tank 120. The rect i f ier c ircuit  130 may include mult ip le 

diodes (such as D1- D4  in FIG. 3 and FIGs. 6A-6C), an output 15 

capacitor (such as Co  in FIG. 3 and FIGs. 6A-6C),  and an output 

load 131. The output load 131 is with a resistance (such as R L in 

FIG. 3 and FIGs. 6A-6C), an output voltage (such as V o  in FIG. 3 

and FIGs. 6A-6C) and an output current (such as I o  in FIG. 3 and 

FIGs. 6A-6C).  The mult i - level  LLC resonant converter 100 also 20 

includes a control ler 140 coupled to capacitor -switch modules, 

111-1 to 111-n, and configured to measure voltages (such as 

VC1-VC4 in FIG. 3 and FIGs. 6A-6C) of capacitors (such as C1-C4  in  

FIG. 3 and FIGs. 6A-6C) of  the mult ip le capacitor -switch modules, 

111-1 to 111-n, an output voltage and an output current of the 25 

output load (such as Vo  and  Io  in FIG. 3 and FIGs. 6A-6C), and an 

input voltage of the bridge circuit  (such as Vdc  in FIGs. 3-4B and 

FIGs. 6A-6C). The control ler 340 may be  implemented by using a 

DSP or FPGA control ler.  For balancing the voltages of the 

capacitors, the process operate by the control ler wil l  be described 30 

in detai l  referred with FIGs. 2 and 3 as fol lows. 



 
 

8 

[0021]   FIG. 2 is a f lowchart  i l lustrat ing a process for balancing 

voltages of capacitors of a bridge circuit  of a mult i - level LLC 

resonant converter, and FIG. 3 is a diagram i l lustrat ing a 

f ive-level LLC resonant converter 300 including a control ler 340 , 

according to some implementations of the present disclosure. The 5 

fol lowing descript ion of a mult i - level  LLC resonant converter for 

operating the process in FIG. 2 takes t he f ive-level LLC resonant 

converter 300 including the control ler 340 in FIG. 3 as an example,  

but not l imited thereto. Regarding the f ive-level LLC resonant 

converter 300, the bridge circuit  310 (also referred as 10 

capacitor-switch modules) includes two serial -connected 

capacitor-switch modules (the upper part and the lower part of the 

bridge circuit  310), and each of the two serial -connected 

capacitor-switch modules includes a complementary pair of  

switches, as main switches and their complementary switches , 15 

and one capacitor, wherein the main switches are S 1a ,  S2a ,  S3 a  

and S4a ,  and their complementary switches are S 1b ,  S2b ,  S3b  and 

S4b ,  respectively.  A gate of each switch (each of switches S 1a  to 

S4b) of the four capacitor -switch modules is coupled to the 

control ler 340 to receive the PWM signals to balance voltages of 20 

the f lying capacitors (C 1  to C4) of  the four capacitor-switch 

modules, as shown in FIG. 3 . Referring to FIGs. 2 and 3, in step 

S210, according to a desired voltage or current reference  (such 

as predetermined by external configurat ion, such as input by a 

communication, or by internal conf igurat ion, such as preset 25 

desired voltage or current reference) , the control ler 300 measures 

the voltages (VC1-VC4) of the capacitors (C1-C4) of  mult iple 

capacitor-switch modules (S1a ,  S1b  and C1 ,  S2a ,  S2b  and C2 ,  S3a ,  

S3b  and C3 ,  and S4a ,S4b  and C4) of the bridge circuit  310, the 

output voltage Vo ,  and the output current Io  of the output load 331 30 

of the rect i f ier circuit  330, and the input voltage Vdc  of the bridge 

circuit  310.  
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[0022]   In step S220, the control ler 340 selects a voltage-level  

zone of a required output voltage Vox  of the bridge circuit  310 from 

5 voltage-level zones according to the output voltage Vo , and the 

input voltage Vdc .  Due to the mult i- level (m-level) LLC resonant 

converter in this example is a “f ive -level”  (m=5) LLC resonant 5 

converter 300, there are 5 voltage-level zones from level 1 to 

level 5 (m voltage-level zones from level 1 to level m), and m 

voltage-level zones is corresponding to (m-1) capacitors , such as 

5 voltage-level zones is corresponding to 4 capacitors (C1 ,  C2 ,  C3  

and C4) in this example.   10 

[0023]   Specif ical ly, the control ler 340 calculates the 

voltage-level zone x of the required output voltage Vox  by an 

equation of: 

 x = round (
（m− 1） ∗ 2𝑛 ∗ 𝑉𝑜

𝑉𝑑𝑐
) 

Wherein, n represents a turn rat io of the transformer T, and round 15 

() represents a rounding function to obtain x as an integer. After 

obtaining x, the control ler 340 matches x to level (x+1) of  the level  

1 to the level m, as shown by the right column  (Vox  at balanced 

capacitor voltages) in the Table I  below. 

Table I. Circuit mode i of five-level LLC resonant converter 300. 20 

Circuit 

mode i 

S4a, S3a, S2a, S1a Vox Vox at balanced 

capacitor 

voltages 

0 0, 0, 0,0 0 0, x=0 (level 1) 

1 0, 0, 0, 1 VC1 -VC2 Vdc/4, x=1  (level 

2) 2 0, 0, 1, 0 VC2 
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3 0, 1, 0, 0 VC3 -VC4 

4 1, 0, 0, 0 VC4 

5 0, 0, 1, 1 VC1 Vdc/2, x=2  (level 

3) 

 

6 0, 1, 0, 1 VC1 -VC2+VC3 -VC4 

7 1, 0, 0, 1 VC1 -VC2+VC4 

8 0, 1, 1, 0 VC2+VC3 -VC4 

9 1, 0, 1, 0 VC4+VC2 

10 1, 1, 0, 0 VC3 

11 0, 1, 1, 1 VC1 + VC3 -VC4 3Vdc/4, x=3  

(level 4) 

 

12 1, 0, 1, 1 VC1 +VC4 

13 1, 1, 0, 1 VC1 -VC2+VC3 

14 1, 1, 1, 0 VC2+VC3 

15 1, 1, 1, 1 VC1 +VC3 Vdc, x=4  (level 

5) 

 

[0024]   In step S230, after select ing the voltage-level zone x, the 

control ler 340 selects  a circuit  mode i,  with a highest value of the 

required output voltage Vox of the bridge circuit  310, from circuit  

modes (such as c ircuit  modes 0-15 in Table I)  corresponding to 5 

the voltage-level zone (such as X=0 to X=4 in Table I).  The 

highest value of the required output voltage Vox  is corresponding 

values of the voltages (VC1-VC 4) of the capacitors  (C1-C4).  For the 

f ive-level LLC resonant converter  300, the output circuit  mode I  

can be divided into 16 (such as (m-1)2) types, as shown in Table I . 10 

When the four capacitor voltages (VC 1-VC4) are balanced, such as 

VC1=VC3=Vdc /2, VC2=VC4=Vdc /4, the output voltages Vox  of 16 types 

of circuit  modes can be classif ied into these voltage levels: 0  

( level 1), Vdc /4 ( level 2), Vdc  /2 ( level 3), 3Vdc /4 ( level 4), Vdc  ( level  

5),  as shown in Table I .  For example, i f  x=1, the output voltages 15 

Vox  (VC1-VC2  in current mode 1, VC2  in current mode 2, VC3-VC4 in 

current mode 3, and VC4  in current mode 5) of al l  current modes 
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(as current modes 1-4) corresponding to  the level  2 (x=1) are 

calculated. After calculat ing the  output voltages Vox ,  for example,  

i f  the output voltage Vox  (VC1-VC2) in current mode 1 is with the 

highest value comparing to other output voltages  Vox ,  the circuit  

mode 1 is selected.  5 

[0025]   In step S240, after select ing the current mode I (select ing 

current mode 1 for example),  the control ler 340 outputs PWM 

signals corresponding to the circuit  mode  (such as PWM signals 0, 

0, 0, 1 corresponding to the circuit  mode  1), with a switching 

frequency fs w ,  to switches (such as S4a, S3a, S2a, S1a),  such that the 10 

corresponding capacitor is discharged to reduce the capacitor 

voltage. The switching frequency fs w can be obtained by steps 

S240, S250 and S260.  

[0026]   In step S260, the switching frequency f s w  is obtained by 

summing a predicted switching frequency  Fs w  (by step S250) and 15 

a desired switching frequency Δfs w  obtained by using closed-loop 

control of the control ler for the desired voltage or current  (by step 

S240). Specif ical ly, in step S250, according to the difference 

between desired output voltage reference and the output voltage 

Vo ,  the desired switching frequency Δfs w  (the difference between 20 

the predicted switching frequency  Fs w  and the switching frequency 

fs w) can be obtained by comparing  the gain-frequency curve.  

Specif ical ly, in step S240,the predicted switching frequency  Fs w 

can be obtained according to the required output voltage value 

Vox  of the selected circuit  mode i and the output voltage Vo  and 25 

output current Io  of the output load such as by the equation of:  
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V𝑜
V𝑜𝑥

=

(

 
 
 

0.5

√(1 +
1
𝑘
(1 −

1

f𝑛
2))

2 + 𝑄2(1 −
1
f𝑛
)2

)

 
 
 

 

Wherein n represents the turn rat io of the transformer  T, k 

represents inductor rat io of the resonant tank ( Lm /L r),  fn  

represents predicted switching frequency  Fs w  divided by series 

resonant frequency f r  (Fs w / f r),  wherein series resonant frequency 5 

f r=1/(2π(L r *C r)1 /2),  Q is the quali ty factor  of the resonant converter, 

and Vox  is the output voltage of the bridge circuit  and l isted in 

Table I .  

[0027]   In some implementations, the circuit  mode i is changed  at 

the circuit  mode transit ion t ime, wherein the  PWM signals can be 10 

maintained with a constant 50% duty cycle and variable switching 

frequency f s w .   

[0028]   FIGs. 4A and 4B are waveform diagrams, 400A and 400B, 

respectively i l lustrat ing unbalanced and balanced voltage of the 

f ive-level LLC resonant converter 300 in FIG. 3, according to 15 

some implementations of the present disclosure. Referring to Fig.  

4A, taking the unbalanced voltage V C1>VC3  and voltage-level zone 

x=1 (as level 2 in Table I) as an example, the circuit  mode i=1 wil l  

be selected according to the operation process discussed above 

(such as by steps s210-s230). Thus, the output voltage Vox  is VC1  20 

-VC2  for the input voltage Vdc  of the bridge circuit .  The output 

voltage of VC1-VC 2  is decreasing unti l  the operation process 

discussed above detect circuit  mode i=1 is  not the highest voltage 

(such as by the step s230) . When VC2  is the highest voltage in al l  

circuit  modes (such as circuit  modes 1-4 in Table I) corresponding 25 

to voltage-level zone x=1 ( level 2),  the selected circuit  mode is 
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changed to i=2 (circuit  mode 2) , so that the voltage of V C2  wil l  

decrease unti l  the voltage of another circuit  mode at voltage-level 

zone x=1 (level 2) is changed to the highest. During this voltage 

balancing process, the duty cycle is always a constant 50%.  

[0029]   Referring to FIG. 4B, after  al l  capacitor voltages (V c 1 ,  Vc2 ,  5 

Vc 3 ,  Vc 4) are balanced, the four capacitors  ((C1 ,  C2 ,  C3 ,  C4) are 

alternately charged and discharged unti l  their voltages reach a 

balanced state. During this control process, the duty cycle is 

always a constant 50%, so the resonant current is a symmetr ical  

posit ive and negative waveform, making it  easy to realize ZVS 10 

soft-switching.  

[0030]   FIG. 5 is a comparison diagram i l lustrat ing waveform 

diagrams, 500a and 500b,  as results of the conventional 

technique and proposed technique provided by the present 

disclosure, for balancing capacitor voltages of mult i - level LLC 15 

resonant converter. As shown by the waveform diagram 500a, the 

conventional technique, such as phase shif t ing or variable duty 

cycles, causes the PWM signal to deviate from the ideal 50% duty 

cycle, leading to distort ion in the resonant inductor current.  As 

shown by the waveform diagram 500b, proposed technique 20 

provided by the present disclosure  discharges the capacitor with 

the highest voltage across al l  same-voltage-level circui t  modes, 

maintaining a constant 50% duty cycle without the need for 

variable duty cycles or phase  shif ts. As a result ,  i t  preserves both 

ZVS and the sinusoidal characterist ics of the LLC resonant 25 

converter.  Addit ionally, the predicted switching frequency ensures 

smooth transit ions between circui t  modes during voltage 

balancing, preventing inrush currents or voltage spikes. 

Comparing to the conventional technique, the technique provided 

by the present disclosure  not only balances capacitor voltages 30 
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more quickly but also maintains ZVS and the sinusoidal waveform 

of the LLC resonant converter by preservin g a consistent 50% 

duty cycle.  

[0031]   FIG. 6A is a diagram i l lustrat ing a midpoint diode 

clamped f ive- level  LLC resonant converter  300A including a 5 

control ler 340, according to some implementations of the present 

disclosure. The bridge circuit  310A of the midpoint diode clamped 

f ive-level LLC resonant converter  300A includes two neutral-point  

clamped three-level topologies coupled to a LLC resonant tank 

320 coupled to the rect i f ier c ircuit  330. In other words, the bridge 10 

circuit  310A includes four capacitor-switch modules with midpoint 

clamps and f lying capacitors, and each of the four 

capacitor-switch modules includes a complementary pair of  

switches and one capacitor, wherein a gate of each switch (each 

of switches S1a  to S4b) of the four capacitor-switch modules is 15 

coupled to the control ler 340 to receive the PWM signals to 

balance voltages of the f lying capacitors (C 1  to C4) of the four 

capacitor-switch modules, as shown in FIG. 6A. Similar ly to the 

f ive-level LLC resonant converter 300 shown in FIG. 3, the 

midpoint diode clamped f ive -level LLC resonant converter  300A 20 

can also generate 16 types of circuit  modes  (0-15), which are 

divided into f ive voltage levels:  0 ( level 1), Vdc /4 ( level  2), Vdc /2 

( level 3), 3Vdc /4 ( level 4),  Vdc  ( level 5), as shown in Table I .  By 

applying the proposed capacitor voltage balancing process 

discussed above, the voltages of the four capacitors , C1 ,  C2 ,  C3  25 

and C4, in Fig. 6A can be balanced to V dc /4. The proposed 

capacitor voltage balancing process discussed above also 

enables the balancing of al l  capacitor voltages while maintaining 

ZVS and the near sinusoidal current benefits of the midpoint diode 

clamped f ive-level LLC resonant converter  300A with a constant 30 

50% duty cycle.  
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[0032]   FIG. 6B is a diagram i l lustrat ing a f lying-capacitor 

f ive-level  LLC resonant converter  300B including a control ler  340, 

according to some implementations of the present disclosure. The 

bridge circuit  310B of f lying-capacitor f ive-level LLC resonant 

converter 300B includes a f lying-capacitor f ive- level circuit  5 

topology, coupled to a LLC resonant tank 320 coupled to the 

rect i f ier  circuit  330. In other words, the bridge circuit  310B  

includes four serial -connected capacitor-switch modules, and 

each of the four serial -connected capacitor -switch modules 

includes a complementary pair of switches and one capacitor ,  10 

wherein a gate of each switch (each of switches S 1a  to S4b) of the 

four capacitor-switch modules is coupled to the control ler 340 to 

receive the PWM signals to balance voltages of the f lying 

capacitors (C 1  to C4) of the four capacitor-switch modules as 

shown in FIG. 6B. Similar ly to the f ive-level LLC resonant 15 

converter 300 shown in FIG. 3, the f lying-capacitor f ive- level LLC 

resonant converter  300B can also 16 types of circuit  modes (0-15),  

which are divided into f ive voltage levels : 0 ( level 1),  Vdc /4 ( level  

2), Vdc /2 ( level 3), 3Vdc /4 ( level 4), Vdc  ( level 5), as shown in Table 

I .  By applying the proposed capacitor voltage balancing process 20 

discussed above, the voltages of the four capacitors , C1 ,  C2 ,  C3  

and C4, in Fig. 6A can be balanced to Vdc /4, Vdc /2, 3Vdc /4 and Vdc , 

respectively. The proposed capacitor voltage balancing process 

discussed above also enables the balancing of al l  capacitor 

voltages while maintaining ZVS and the near sinusoidal current  25 

benefits of the f lying-capacitor f ive-level LLC resonant converter  

300B with a constant 50% duty cycle.  

[0033]   FIG. 6C is a diagram i l lustrat ing a f lying-capacitor 

three-level LLC resonant converter  300C including a control ler  

340C, according to some implementations of the present 30 

disclosure. Referring to Table I I  corresponding to the 
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f lying-capacitor three-level LLC resonant converter  300C, below, 

due to the mult i- level (m-level) LLC resonant converter in this 

example is the f ly ing-capacitor “three-level (m=3)”  LLC resonant 

converter 300C, there are 3 voltage-level zones from level 1 to 

level 3 (m voltage-level zones from level 1 to level m), and m 5 

voltage-level zones is corresponding to (m-1) capacitors, such as 

3 voltage-level zones is corresponding to 2 capacitors (C1  and C2)  

in this example.  By applying the proposed capacitor voltage 

balancing process discussed above, the circuit  mode i=1 can be 

used to discharge the capacitor C 1 ,  and the circuit  mode i=2 can 10 

be used to discharge the capacitor C 2  while charging C 1 .  So, i f  the 

voltage of the capacitor C is more than the desired balanced 

voltage Vdc /2, the circuit  mode i=1 wil l  be selected to discharge 

the capacitor C1 .  Otherwise, the circui t  mode i=2 wil l  be selected 

to charge the capacitor C 1 .  15 

Table II. Circuit mode of three-level LLC resonant converter 300C. 

Circuit 

mode i 

S2a, S1a Vox Vox at balanced 

capacitor voltages 

0 0, 0, 0 0, x=0 (level 1) 

1 0, 1 VC1 Vdc/2, x=1 (level 2) 

2 1, 0,  VC2 -VC1 

3 1, 1 VC1 +VC2 Vdc, x=2 (level 3) 

 

[0034]   As descript ions regarding different topologies of 

mult i- level LLC resonant converter, the proposed capacitor 

voltage balancing process can also be extended to al l  mult i - level  20 

(for example,  more than f ive-level topology or less than f ive -level 

topology) LLC resonant converters. The key step is to identify the 

circuit  mode corresponding to the highest capacitor voltage by 

calculat ing the vol tages of al l  modes in the  level zone x. Once 

identif ied, the circuit  topology is reconfigured to operate in mode i 25 
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within the LLC converter, al lowing the capacitor in this mode to 

discharge. As the voltage of circuit  mode i decreases and another 

mode reaches the highest voltage, the topology i s reshaped again 

to match the new highest -voltage mode. This process continues 

unti l  al l  capacitor voltages are balanced at the desired levels.  5 

[0035]   Accordingly, the techniques provided by implementations 

of the present disclosure are  not l imited to a single ci rcuit  

topology, but can be applied to various mult i - level  LLC resonant 

converters. These topologies are widely used in medium - and 

high-voltage applicat ions requiring DC-to-DC power conversion, 10 

such as renewable energy systems, electric vehic le charging 

stat ions, photovoltaic (PV) generat ion, and industrial power 

supplies. By implementing the techniques provided by 

implementations of the present disclosure , var ious mult i - level 

LLC resonant converters can balance al l  capacitor voltages while 15 

maintaining ZVS and the near sinusoidal current benefits of the 

LLC resonant converter with a constant 50% duty cycle.  

[0036]   The processes and logic f lows described in this document 

can be performed by one or more programmable processors 

executing one or more computer programs to perform the 20 

functions described herein.  The processes and logic f lows can 

also be performed by, and apparatus can also be implemented as, 

special purpose logic circuitry, e.g.,  an FPGA (f ield programmable 

gate array) or an ASIC (applicat ion specif ic in tegrated circuit).  

[0037]   While this document may describe many specif ics, these 25 

should not be construed as l imitat ions on the scope of an 

invention that is claimed or of what may be claimed, but rather as 

descript ions of features specif ic to part icular embodimen ts.  

Certain features that are described in this document in the context 
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of separate embodiments can also be implemented in combination 

in a single embodiment.  Conversely, various features that are 

described in the context of a single embodiment can also be 

implemented in mult iple embodiments separately or in any 

suitable sub-combination.  Moreover, although features may be 5 

described above as act ing in certain combinations and even 

init ial ly cla imed as such, one or more features from a claimed 

combination in some cases can be excised from the combination,  

and the claimed combination may be directed to a 

sub-combination or a variat ion of a sub -combination.  Simi larly, 10 

while operations are depicted in the drawings in a part icular order, 

this should not be understood as requiring that such operations be 

performed in the part icular order shown or in sequential order, or 

that al l  i l lustrated operations be performed, to achieve desirable 

results.  15 

[0038]   Only a few examples and implementations are disclosed.  

Variat ions, modif icat ions, and enhancements to the described 

examples and implementations and other implementations can be 

made based on what is disclosed . 

20 
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WHAT IS CLAIMED IS:  

1. A mult i - level LLC resonant converter, comprising :  

a bridge circuit ,  including a plural i ty of capacitor -switch 

modules; 

a LLC resonant tank,  coupled to the bridge circuit  and 5 

including a transformer ;  

a rect i f ier circuit ,  coupled to the LLC resonant tank and 

including an output load; and 

a control ler,  coupled to the plural i ty of capacitor -switch 

modules and configured to measure voltages of capacitors of the 10 

plural i ty of capacitor -switch modules,  an output voltage and an 

output current of the output load, and an input voltage of the 

bridge circuit ,  

wherein, to balance the voltages of the capacitors,  the 

control ler executes operations of:  15 

select ing, according to the output voltage of the output load 

and the input voltage of the bridge circuit ,  a voltage-level zone of 

a required output voltage of the bridge circuit  from a number of 

voltage-level zones corresponding to a number of the capacitors ; 

select ing a circuit  mode, with a highest value of the required 20 

output voltage of the bridge circuit ,  f rom at least one circuit  mode 

corresponding to the voltage-level zone, wherein the highest 

value of the required output voltage is corresponding values of 

the voltages of the capacitors ; and 
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outputt ing PWM signals corresponding to the circuit  mode , 

with a switching frequency, to switches of the plural i ty of  

capacitor-switch modules. 

2. The mult i- level  LLC resonant converter  of claim 1, 

wherein the mult i - level LLC resonant converter is an m-level LLC 5 

resonant converter  including m voltage-level zones from level 1 to 

level m, wherein m is an integer larger or equal to 3, 

wherein the controller select ing the voltage -level zone from 

the level 1 to the level m is determined by  x = round (
（m−1）∗2𝑛∗𝑉𝑜

𝑉𝑑𝑐
), 

and matching x to level (x+1) of  the level 1 to the level  m, wherein 10 

Vdc  representing the input voltage of the bridge circuit ,  Vo  

representing the output voltage of the output load , n representing 

a turn rat io of the transformer, and round () representing a 

rounding function to obtain x  as an integer. 

3. The mult i- level  LLC resonant converter of claim 2, 15 

wherein the required output voltages of the bridge circuit  in the 

level 1 to level m are corresponding to different rat ios of the input 

voltage of the bridge circuit .  

4. The mult i- level  LLC resonant converter  of claim 2, 

wherein the at least one circuit  mode includes 2 (m -1 )  ci rcuit  modes, 20 

wherein the PWM signals, for switches, between each of the 

at least one circuit  mode are different , and each of the at least 

one circuit  mode corresponding to a value of the required output 

voltage. 

5. The mult i- level  LLC resonant converter  of claim 1, 25 

wherein the switching frequency is obtained by the control ler 
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according to a turn rat io of the transformer, an inductor rat io and a 

resonant frequency of the LLC resonant tank, the output voltage 

of the output load, the required output voltage of the bridge circuit ,  

and a quali ty factor. 

6. The mult i- level  LLC resonant converter  of claim 1, 5 

wherein the plurali ty of capacitor -switch modules include four 

serial-connected capacitor-switch modules, and each of the four 

serial-connected capacitor-switch modules includes a 

complementary pair of switches and one capacitor,  

wherein a gate of each switch of the four serial-connected 10 

capacitor-switch modules is coupled to the control ler to receive 

the PWM signals to balance voltages of the capacitors of the two 

serial-connected capacitor-switch modules. 

7. The mult i- level  LLC resonant converter  of claim 1, 

wherein the plural i ty of capacitor -switch modules include two 15 

serial-connected capacitor-switch modules, and each of the two 

serial-connected capacitor-switch modules includes a 

complementary pair of switches and one capacitor,  

wherein a gate of each switch of the two serial-connected 

capacitor-switch modules is coupled to the control ler to receive 20 

the PMW signals to balance voltages of the capacitors of the two 

serial-connected capacitor-switch modules. 

8. The mult i- level  LLC resonant converter  of claim 1, 

wherein the plurali ty of capacitor -switch modules include four 

capacitor-switch modules with midpoint clamps and f lying 25 

capacitors, and each of the four capacitor-switch modules 

includes a complementary pair of switches and one capacitor,  
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wherein a gate of  each switch of the four capacitor-switch 

modules is coupled to the control ler to receive the PWM signals to 

balance voltages of the f lying capacitors of the four 

capacitor-switch modules. 

9. An operation method, for balancing voltage of capacitors 5 

of a bridge circuit  of a  mult i - level LLC resonant converter, the 

operation method comprising:  

measuring,  by a control ler of the mult i - level LLC resonant 

converter, the voltages of the capacitors of a p lural i ty of  

capacitor-switch modules of the bridge circuit ,  an output voltage 10 

and an output current of an output load of a rect i f ier circuit  of the 

mult i- level LLC resonant converter, and an input voltage of the 

bridge circuit ;  

select ing,  by the control ler,  a vol tage-level zone of a 

required output voltage of the bridge circuit  f rom a number of  15 

voltage-level zones corresponding to a number of the capacitors, 

according to the output voltage of the output load, and the input 

voltage of the bridge circuit ;  

select ing,  by the control ler,  a circuit  mode, with a highest 

value of the required output voltage of the bridge circuit ,  from at 20 

least one circuit  mode corresponding to the voltage -level zone, 

wherein the highest value of the required output voltage is 

corresponding values of  the voltages of the capacitors; and  

outputt ing PWM signals corresponding to the circuit  mode , 

with a switching frequency,  to switches of the plural i ty of  25 

capacitor-switch modules. 

10. The operation method of claim 9 , wherein the mult i - level  
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LLC resonant converter is an m-level LLC resonant converter 

including n voltage-level zones from level 1 to level m, wherein m 

is an integer larger or equal to 3, 

wherein the controller select ing the voltage -level zone from 

the level 1 to the level m is determined by  x = round (
（𝑚−1）∗2𝑛∗𝑉𝑜

𝑉𝑑𝑐
),  5 

and matching x to level (x+1) of  the level 1 to the level  m, wherein 

Vdc  representing the input voltage of the bridge circuit ,  Vo  

representing the output voltage of the output load, n representing 

a turn rat io of the transformer, and round () representing a 

rounding function to obtain x as an integer. 10 

11. The operation method of claim 10, wherein the required 

output voltages of the bridge circuit  in the level 1 to level m are 

corresponding to different rat ios of the input voltage of the brid ge 

circuit .  

12. The operation method of claim 10, wherein the at least 15 

one circuit  mode includes 2 (m-1 )  ci rcuit  modes,  

wherein the PWM signals, for switches, between each of the 

at least one circuit  mode are different, and each of the at least 

one circuit  mode corresponding to a value of the required output 

voltage. 20 

13. The operation method of claim 9, wherein the switching 

frequency is obtained by the control ler according to an inductor 

rat io, a transformer turn rat io and a resonant frequency of the LLC 

resonant tank, the output voltage of the output load, the r equired 

output voltage of the bridge circuit ,  and a quali ty factor.  25 

14. The operation method of claim 9, wherein the plural i ty of  
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capacitor-switch modules include four serial-connected 

capacitor-switch modules, and each of the four serial-connected 

capacitor-switch modules includes a complementary pair of  

switches and one capacitor,  

wherein a gate of each switch of the four serial-connected 5 

capacitor-switch modules is coupled to the control ler to receive 

the PWM signals to balance voltages of the capacitors  of the two 

serial-connected capacitor-switch modules.  

15. The operation method of claim 9, wherein the plural i ty of  

capacitor-switch modules include two seria l -connected 10 

capacitor-switch modules, and each of the two serial -connected 

capacitor-switch modules includes a complementary pair of  

switches and one capacitor,  

wherein a gate of each switch of the two serial-connected 

capacitor-switch modules is coupled to the control ler to receive 15 

the PMW signals to balance voltages of the capa citors of the two 

serial-connected capacitor-switch modules.  

16. The operation method of claim 9, wherein the plural i ty of  

capacitor-switch modules include four capacitor -switch modules 

with midpoint clamps and f lying capacitors, and each of  the four 20 

capacitor-switch modules includes a complementary pair of  

switches and one capacitor,  

wherein a gate of each switch of the four capacitor -switch 

modules is coupled to the control ler to receive the PWM signals to 

balance voltages of the f lying capacitors of the four 25 

capacitor-switch modules. 

 




