
Abstract—The delta-sigma pulse magnitude modulated 
multilevel inverter-based wireless power transfer systems are 
suitable for high-power applications to realize ZVS and 
continuous output, but the resolution is fixed, and the heavy 
computational burden of the voltage balancing algorithm is a 
concerning issue. To solve the above problems, first of all, a bang-
bang pulse magnitude modulation (BBPMM) method is proposed 
for the multilevel inverter-based WPT system. The resolution of 
the proposed BBPMM is continuously adjustable, which is more 
flexible than the delta-sigma PMM. Moreover, it is found that the 
BBPMM WPT system can decrease the ripple and total harmonic 
distortion of the inverter current in a wide range by adjusting the 
resolution compared with the delta-sigma PMM WPT system. 
Secondly, this paper proposes a binary search tree-based 
capacitor voltage balancing method for the flying capacitor 
multilevel inverter in the WPT system. It combines the online 
and offline processes of the capacitor voltage balancing method 
to simplify the algorithm online in a control cycle. Furthermore, 
theoretical analysis, computer simulation, and a 1.5 kW seven-
level flying capacitor inverter-based hardware experimentation 
are given to verify the effectiveness of the proposed BBPMM 
flying capacitor multilevel inverter-based WPT system. 

Index Terms—Wireless power transfer; Bang-bang pulse 
magnitude modulation; Multilevel inverter; Zero voltage 
switching; Capacitor voltage balance. 

I. INTRODUCTION

ireless power transfer (WPT) technology, dating back to 
the pioneering work of Nikola Tesla over a century ago, 

has seen widespread adoption across various industries, 
spanning power levels from milliwatts to megawatts [1]-[3]. 
Its applications range from charging micro-robots and electric 
toothbrushes to powering electric vehicles [4] and high-speed 
trains [5]. The key advantages of this technology, such as the 
capability of providing electrical isolation, enhanced safety, 
convenience, and a great user experience, are among the main 
factors that increase its popularity. The WPT has attracted 
many academic researchers and engineers to actively explore 
its vast potential. 
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In recent years, the multilevel inverter-based WPT system 
has garnered increasing interest due to the advantage of a large 
operating range [6]-[7] and breaking voltage limitations [8]-
[9]. These systems have been extensively researched for 
various applications. For example, it has been studied for low-
voltage EV charging whose loading conditions can vary up to 
450% [6]-[7]. Besides, a medium-voltage DC distribution 
network (ranging from 1.5 kV to 50 kV) is commonly utilized 
for high-power applications to reduce the DC-bus current [10], 
such as submarine, data center, and fast EV charging. By 
integrating multilevel inverter-based WPT systems into 
medium-voltage DC-power networks, the voltage stress on 
individual semiconductor components can be minimized [12]. 
Furthermore, multilevel inverter-based multichannel WPT 
systems can simplify system configurations and eliminate 
coupling transformers [13]. 

However, the modulation and capacitor voltage balancing 
methods in multilevel inverter-based WPT systems are 
important issues. Further research is required to delve deeper 
into these critical issues and improve the system performance. 

In recent developments, various modulation schemes for 
two-level inverter-based WPT systems have been thoroughly 
investigated. These schemes encompass pulse-width 
modulation (PWM), on-off keying modulation, hybrid 
modulation, pulse density modulation (PDM), pulse frequency 
modulation (PFM), and step density modulation (SDM). 
Among these, regarded as a PWM with adjustable angles, 
phase-shift control (PSC) [14]-[16] is commonly used in the 
WPT system. However, it is plagued by hard switching issues. 
On-off modulation regulates the output power of the WPT 
system by using low-frequency duty ratios, but it introduces 
significant output ripples. Hybrid modulation [17], which 
combines PFM and on-off modulation, faces similar 
challenges. In contrast, PDM [18]-[22] and PFM are generally 
investigated in the WPT systems for their ability to overcome 
these limitations. To address these challenges, a low-
subharmonic, full-range, and rapid PDM strategy [20] has 
been proposed for WPT systems based on full-bridge 
converters. Additionally, the PFM is proposed in [23]-[26] for 
WPT systems to regulate the output power through higher-
order harmonics of the square wave at specific frequencies, 
among which, the Σ-Δ PFM is proposed in [24] to reduce 
output ripples of the DC-side voltage. More recently, the SDM 
[27] has shown promise in regulating the output power of the
WPT systems by adjusting the step density, which combines
both strengths of PDM and PFM.

Compared with the modulation methods of two-level 
converters for the WPT systems, the modulation methods of 
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Fig.1. BBPMM flying-capacitor multilevel inverter-based WPT system. 
 
the multilevel converter for the WPT system are more flexible 
due to adding the freedom of magnitude. Multiple PWM 
waves of different frequencies are superimposed and used for 
the multilevel inverter-based multi-channel WPT systems 
[13], but the modulation method has the problem of hard 
switching. The ZVS modulation method of the MMC-based 
inductive power transfer system is proposed in [7]. It changes 
the number of sub-modules connected to the circuit to adjust 
the pulse magnitude of the MMC, but the output voltage of the 
MMC by using this modulation method can only be discrete. 
To solve this problem, our previous work proposes the Σ-Δ 
pulse magnitude modulation method and the token rotation-
based capacitor voltage balancing method of the flying-
capacitor multilevel inverter (FCMLI) -based WPT system 
[28], the output voltage can be continuously adjusted. 
However, first of all, the resolution of the Δ-Σ PMM is not 
adjustable, which could lead to a very long modulation period 
under some working conditions. Secondly, the algorithm 
needs to be completed in a very high-speed control cycle, 
which is half of the resonant cycle of the WPT system, but the 
algorithm of the token rotation-based capacitor voltage 
balancing method is complex, the computational burden is 
large, and the program operation takes up a long time, which 
limits the control frequency of the WPT system. 

To further solve the above problems, this paper proposed a 
novel implementation method of pulse magnitude modulation 
and a binary search tree (BST)-based capacitor voltage 
balancing method of the multilevel inverter for the WPT 
system, and the main contribution of this article is listed as: 

1) The specially designed iterative functions, as shown in 
equations (4) and (5), are proposed, which can converge in 
each amplitude interval of PMM, and can fit and approximate 
the actual normalized voltage ratio of the output voltage of the 
multilevel inverter. Based on the iterative functions, a Bang 
Bang pulse magnitude modulation (BBPMM) of the multilevel 
inverter for the WPT system is proposed. The resolution of 
the proposed BBPMM for the FCMLI-based WPT systems 
can be adjustable, which is more flexible than the Δ-Σ PMM. 

2) It is found that the BBPMM can reduce the THD and 
current ripple of the transmitter current in a wide range by 
adjusting the resolution, compared with the Δ-Σ PMM. 

3) The BST-based capacitor voltage balancing method of 
the FCMLI for the WPT system is proposed to reduce the 
computational burden in the control cycle, which is more than 

2 times faster than the conventional token rotation-based 
capacitor voltage balancing method. 

The rest of the paper is organized as follows: Section II 
presents the proposed BBPMM method of the FCMLI-based 
WPT system and its basic principle. Section III presents the 
switching state analysis of the FCMLI and the proposed BST-
based capacitor voltage balancing method of the FCMLI for 
the WPT system. Section IV presents the experimental 
verification. Section V concludes this work. 

II. BANG-BANG PULSE MAGNITUDE MODULATED 

MULTILEVEL INVERTER-BASED WPT SYSTEM 

A. Description of the FCMLI-based WPT System 

Fig. 1 shows an n-level FCMLI-based WPT system, where 
Cdc are the DC-side capacitors; u1, u2, u3, …, and un-2 are the 
voltages of the flying capacitors Cf1, Cf2, Cf3, …, and Cfn-2; Lt 
and Lr are the inductances of the transmitter and receiver coils; 
Rt and Rr are the equivalent series resistances of the transmitter 
and receiver parts; M denotes the mutual inductance between 
the primary coil and the secondary coil; Ct and Cr are the 
capacitances of series compensated capacitors, respectively; 
Rdc and Cdc1 are the DC-link load and capacitor of the diode 
rectifier. The FCMLI is fed by a DC input voltage Vdc and 
drives a series-series resonant tank. 

The proposed control of the multilevel inverter consists of 
two parts: the proposed BBPMM and the flying-capacitor 
voltage balancing method. The voltages of the flying 
capacitors u1, u2, u3, …, and un-2 are sampled for capacitor 
voltage balancing. The proposed control of the FCMLI-based 
WPT system will be discussed in sections II.B and III in detail. 
The resonant frequencies of the resonators on the two sides are 
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To equalize the voltage of each switch, the voltages of the 
zth flying capacitor Cfm of the FCMLI should be controlled as 
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where z=1, 2, …, n-2. 

B. Proposed BBPMM Method 

Fig. 2 shows the proposed BBPMM in one control cycle, 
which is half of the resonant cycle of the WPT system, where  
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Fig. 2. The proposed BBPMM in one control cycle. 
 
m=n-1. First, the root mean square (RMS) value of the 
fundamental component of the output voltage of a multilevel 
inverter can be defined as follows: 

 dc
1_

2
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V
U δ

π
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where δ is defined as the normalized voltage ratio; Vdc is the 
DC-side voltage of the multilevel inverter. 

Variable A in Fig.2 is used to ensure that a 0 level is output 
for every other control cycle. It is noticed that the normalized 
voltage ratio δ defined in BBPMM is similar to the duty ratio 
defined in the PWM. The δ* is the command value of the 
normalized voltage ratio for the BBPMM, ranging in [0, 1]. 
For the n-level multilevel inverter, there are n kinds of basic 
voltage pulses, which can be expressed as “δ=0, 1/m, 2/m, 3/m, 
… , k/m, (k+1)/m, … , and 1”, and m=n-1. The PMM uses the 
whole-wave voltage pulse with adjacent voltage magnitudes to 
construct the desired output voltage pulse. Thus, δ* is divided 
into n-1 intervals: [0, 1/m), [1, 2/m), …, [k/m, (k+1)/m)…,[1-
1/m, 1]. When k/m≤δ*<(k+1)/m, the output voltage consists of 
the voltage pulses with δ=k/m and (k+1)/m. When 
k/m≤δ*<(k+1)/m and δt>δ*, the normalized voltage ratio δt is 
calculated as: 

  t t 1 1 /δ λδ λ k m    (4) 

where δt-1 is the normalized voltage ratio in the previous 
control cycle, and λ is defined as an attenuation factor ranging 
in (0, 1). In this case, the number of levels of the output 
voltage of the multilevel inverter is equal to k, denoted as y=k 
in Fig. 2. 

When k/m≤δ*<(k+1)/m and δ*≥δt, the normalized voltage 
ratio δk is further calculated as follows: 

   1 1 1 /t tδ λδ λ k m     (5) 

In this case, the number of voltage levels of the output voltage 
of the multilevel inverter is equal to k+1, denoted as y=k+1 in 
Fig. 2. It is noticed that δ0 has to belong to (0, 1) to ensure the 
proper functioning of the proposed modulation method. 

Furthermore, the basic principle of the proposed BBPMM 
will be explained clearly. In particular, it needs to be clarified 
how δ* in BBPMM is proportional to the RMS value of the 
fundamental component of the voltage output of the multilevel 
inverters. According to (4) and (5), while 0<δ*<1, δt gradually 
increases or decreases to δ*, then it remains in an interval. 
When k/m≤δ*<(k+1)/m, δt in the steady state is derived as: 

     * *
t1 / 1 1 /λδ λ k m δ λδ λ k m        (6) 

First of all, as shown in Fig. 3, m1 is defined as the 
difference between the maximum value of δt and the command 
value δ*, and m2 is defined as the difference between δ* and 
the minimum value of δt. When k/m≤δ*<(k+1)/m, m1 and m2 
can be calculated as follows: 
     *

1 1 1 /m λ k m δ     (7) 

   *
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According to (7) and (8), the width of the interval can be 
expressed as follows: 
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It can be found from (9) that λ determines the width of the 
interval, and a bigger λ will lead to a narrower width of the 
interval. The control object of the proposed BBPMM is the 
difference between m1 and m2, which is defined as the weight 
factor of the voltage pulse with the adjacent magnitudes of the 
output voltage of the multilevel inverter: 
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Fig. 3. Time-domain wave of δt for different δ* when λ=0.9. (a) δ*=0.55. 
(b) δ*=7/12. (c) δ*=0.65. 



 

 

In the range of [k/m, (k+1)/m), when δ*=(2k+1)/(2m), ∆m=0, 
m1=m2. In this case, the number of voltage pulses of different 
magnitudes is the same. For example, Fig. 3(b) shows the 
time-domain waveform of δk when δ*=7/12 for the seven-level 
inverter-based WPT system, and Fig. 4(b) shows the 
corresponding output voltage of the multilevel inverter. When 
k/m<δ*<(2k+1)/(2m), ∆m<0, m1<m2. In this case, the density of 
voltage pulses with smaller amplitude is greater, as shown in 
Fig. 3(a) and Fig. 4(a). When (2k+1)/(2m) <δ*< (k+1)/m, 
∆m>0, m1>m2. In this case, the density of voltage pulses with 
greater amplitude is greater, as shown in Fig. 3(c) and Fig. 
4(c). The weight factor ∆m can proportionally change the 
density of voltage pulses with different magnitudes, which 
further affects the fundamental component of the output 
voltage of the flying-capacitor multilevel inverter. 
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Fig. 4. Time-domain wave of ut for the seven-level inverter-based WPT 
system when λ=0.9. (a) δ*=0.52. (b) δ*=7/12. (c) δ*=0.65. 
 

As shown in Fig.3, the time between two adjacent 
maximum values or two adjacent minimum values of δk is the 
modulation period Tm. Correspondingly, as shown in Fig. 4, 
the output voltage consists of voltage pulses with two kinds of 
magnitudes. Thus, the normalized voltage ratio can be 
calculated as follows: 

 1 1 2 2
PMM
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N δ N δ
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N N
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where the N1 and N2 mean the numbers of the whole-wave 
voltage pulse with δ=δ1 and δ=δ2, respectively; δ1=0.5 and 
δ2=2/3 in Fig. 4. 

When N1 and N2 are coprime, the modulation period is the 
minimum solution. The modulation period of the BBPMM 
methods can be expressed as: 

  M 1 2 sT N N T   (12) 

where Ts=1/fr. 
According to (11), it can be calculated that δPMM can be 

calculated as 0.5256, 7/12, and 0.6439. There is a deviation 

between the command value and the actual value. Furthermore, 
λ is a key variable that determines the resolution of the 
proposed BBPMM, meanwhile influencing the resolution of 
the output voltage. As shown in Fig.5, the deviation is reduced 
when increasing λ, and the closer λ is to 1, the higher the 
resolution of the proposed modulation method. When λ=0.99, 
the resolution of BBPMM is slightly higher than that of the Δ-
Σ PMM. Both the proposed BBPMM and Δ-Σ PMM can reach 
the resolution of 0.0001. 
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Fig. 5. Resolution of the BBPMM related to λ. 

C. Harmonic analysis of BBPMM and Δ-Σ PMM 

The output voltage of the multilevel inverter can be 
represented by a Fourier series of 
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where f0 is called the fundamental frequency, and kn is the 
Fourier coefficient at the nth harmonic. The harmonic 
frequency can be derived as follows: 
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Fig. 6. Time-domain waves and DFT of ut and it of the Δ-Σ PMM WPT 
system. (a) Time-domain waves. (b) DFT of ut. (c) DFT of it. 
 

Due to the fact that a complete modulation period Tm 
includes several resonant cycles, the spectrum of ut contains 
both subharmonics and interharmonics. The main difference 
between BBPMM and Δ-Σ PMM is the interharmonics of the 



 

 

output voltage. Due to the impedance characteristic, the WPT 
system is sensitive to the interharmonics of the voltage near 
the resonant frequency. The frequency of interharmonics can 
be seen in (14), which depends on the modulation period. The 
magnitude of interharmonics is related to the voltage pulse 
sequence, which is difficult to derive, but the Discrete Fourier 
transform (DFT) could be applied. Fig. 6 and Fig. 7 compare 
the time-domain waveforms and DFT analysis of the ut, it of 
the WPT system by using BBPMM and Δ-Σ PMM. It is found 
that the THD of the transmit current of the BBPMM WPT 
system is much smaller than that of the Δ-Σ PMM WPT 
system. It is because adjusting the resolution of BBPMM leads 
to a short modulation period, leading to different 
interharmonics near the resonant frequency, as shown in Figs. 
6 and 7. 
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Fig. 7. Time-domain waves and DFT of ut and it of the BBPMM WPT 
system when λ=0.9. (a) Time-domain waves. (b) DFT of ut. (c) DFT of it. 
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Fig. 8. Simulation results of THD and current ripple of transmitter 
current of BBPMM and Σ-Δ PMM when λ=0.9. (a) THD. (b) Current 
ripple. 
 

In addition, Fig. 8 compares the simulation results of THD 
and current ripple of the transmitter current of the WPT 

system by using the BBPMM and Δ-Σ PMM when the interval 
of δ* is 0.03215. The system parameter is shown in Table II. It 
can be found that when δ*=0.25, 0.5, and 0.75, the current 
ripples and THD of Δ-Σ PMM and BBPMM WPT systems are 
the same because they have the same output voltage. When 
δ*=0.6825, the maximum current ripple of the Δ-Σ PMM WPT 
system is 4.1 A, but the current ripple of the BBPMM WPT 
system is 1.0 A, and the ripple minimization accounts for 
75.6%. In the wide range of δ*, Fig. 8 shows that the THD and 
current ripple of the BBPMM WPT system are close to or 
smaller than those of the Δ-Σ PMM WPT system. 

III. BINARY SEARCH TREE-BASED VOLTAGE BALANCING 

METHOD OF MULTILEVEL INVERTER FOR THE WPT SYSTEM 

A. Switching State Analysis 
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Fig. 9. Current flow of sub-circuit of the FCMLI in different switch states 
of “SmSm+1”. (a) 11. (b) 10. (c) 01. (d) 00. 
 

The way the flying capacitor is connected to the circuit and 
the direction of the transmitter current determine how the 
flying capacitor is charged. As shown in Fig. 9, the switching 
state “SiSi+1” determines whether Ci is charged. As shown in 
Fig. 9(a) and (d), when “SiSi+1” is selected as “11” and “00”, 
Ci is bypassed, and the transmitter current flows on the upper 
and lower branches, respectively. As shown in Fig. 9(b) and 
(c), when “SiSi+1” is selected as “10” and “01”, Ci is charged 
and discharged by the transmitter current, respectively. 
According to Fig. 9, it can be summarized as follows: 

1) The output voltage of the multilevel inverter depends on 
the number of turn-on states of “S1S2S3 … Sn-1”, which can be 
derived as: 
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2) The charging or discharging pattern of the flying 
capacitors Cf1, Cf2, Cf3, …, and Cfn-2 depends on the switching 
states of “S1S2”, “S2S3”, “S3S4”, …, and Sn-2Sn-1, and the 
direction of transmitter current. 

B. Binary Search Tree-based Offline Design of Table  

The algorithm of the capacitor voltage balancing needs to 
be completed in a very high-speed control cycle, which is half 
of the resonant cycle of the WPT system, but the 
computational burden of the conventional method is large, 



 

 

which limits the control frequency of the WPT system. To 
solve this problem, a binary search tree-based capacitor 
voltage balancing method is proposed, consisting of an offline 
table generation method and a simplified online voltage 
balancing method. 

Three key factors determine the preset switching state of 
the multilevel inverter, including the output voltage of the 
multilevel inverter, the voltage priority of the flying capacitors, 
and the flying-capacitor voltages [28]. Three variables related 
to the three factors can be defined as Bi, Bj, and Bk, 
respectively. 

Bj=0

Bk=0

Bi=0, Bj=0, and Bk=0

Bi≤ n-1?

Bi=Bi+1

Bj<n-2?

Bj=Bj+1

Bk<2n-2?

Bk=Bk+1

Bn(Bj)=0
N Y

Bn(Bj)=1An(Bj)>0?
Step 3

According to Bk , obtain An=[a1, a2, ... an-2]

Obtain the number of ones in Bn, denoted as t, k=abs(t-Bi)

N

Step 4

Based on the priority, in descending 
order, change k 1s to 0s in b1b2b3… bn-1

  t>Bi?

  t<Bi?
Based on the priority, in descending 

order, change k 0s to 1s in b1b2b3… bn-1
N

Y

Y

Generate a 3-dimensional array a[Bi] [Bj][Bk]=[b1b2 ...bn-1]

End

Step  1 

Y

Y

According to An, obtain Bn=[b1, b2, ... bn-1]

Step 2

N

N

Y

N

 
Fig. 10. The flowchart to create the three-dimensional offline table. 
 

a1          a2         a3       …      ai-1       ai        …    an-2 

b1        b2        b3        b4      …      bi            bi+1      …     bn-1  

a1          a2         a3       …      aBi-1     aBj+1          …     an-2 

b1       b2        b3        b4      …        bBj+1         bBi+1    …    bn-2   bn-1  

Part 1

Part 2

 
Fig. 11. The method to produce the desired switching state according 
to the capacitor-voltage state in step 3. 

The variable Bi belongs to [0, 1, 2, 3,… n-1], and “Bi=z” 
means that the output voltage of the multilevel inverter is 

zVdc/(n-1). Besides, according to (15), the output voltage of the 
multilevel inverter depends on the switch-on number of the 
switching states “S1S2S3, …Sn-1”. Thus, Bi can also be 
calculated as: 
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The variable Bj belongs to [0, 1, 2, 3, …, n-3], and “Bj=i” 
means that the charging priority of the (i+1)th flying capacitors 
is the highest. Furthermore, the charging priority can be 
expressed as “Cfi+1> Cfi+2>…Cfn-2> Cf1> Cf2>…>Cfi-1”. 

By judging whether the flying capacitor voltage is bigger 
than the reference value, the voltage state of every flying 
capacitor is encoded as 1 and 0, respectively. Furthermore, ai 
is defined as the voltage state of ith flying capacitor, and ai can 
be expressed as follows: 
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where i ranges in [1, 2, …n-2]. 
The variable Bk can be expressed as follows: 

 2 3
1 2 n 2 n 12 2 ... 2 ... 2n n n m

k mB a a a a a  
         (18) 

Thus, the voltage states of the flying capacitors denoted as 
Bk can be summarized as 2n-2 types, ranging in [0, 1, 2, 3, …, 
2n-2-1]. Fig. 10 shows the method to produce the three-
dimensional array consisting of the preset switching states, 
and four key steps as shown in Fig. 10 will be explained in 
details as below. 

Step 1: The main body of the flowchart in Fig. 10 consists 
of a typical nested for loop. It will produce a three-
dimensional (n)×(n-2)×(2n-2) array. An arbitrary output voltage 
of the FCMLI, arbitrary priority, and arbitrary voltage state 
can correspondingly produce a preset switching state. The 
array consists of these preset switching states. This array is 
produced offline and can be used for capacitor voltage 
balancing method online. 

Step 2: Based on the voltage sample state (Bk) and an 
algorithm that converts decimal to binary, a corresponding 
voltage sample state of every flying capacitor can be obtained, 
denoted as An=[a1, a2, a3, …, an-2]. Taking a seven-level 
inverter as an example, when Bk=15, “a1a2a3, …, an-2” can be 
calculated as “01111”, thus, An=[0, 1, 1, 1, 1]. 

Step 3: As shown in Fig. 11, step 3 is divided into two 
parts. In part 1, setting the charging priority of the first flying 
capacitor to the highest (Cf1>Cf2>…Cfi>…>Cfn-2), thus, b1=1-
a1 to make sure the first capacitor is charged or discharged in a 
correct way. The charging state of ai is determined by “bibi+1”. 
When ai=1, the voltage of the ith flying capacitor is bigger than 
the reference value, thus, “bibi+1” is supposed to be “01” to 
discharge the ith flying capacitor. However, even if bi=1, in 
this case, bi+1 is also supposed to be 1 to keep the capacitor 
voltage. When ai=0, the voltage of the ith flying capacitor is 
less than the reference value, thus, “bibi+1” is supposed to be 
“10” to charge the ith flying capacitor. However, even if bi is 0, 
bi+1 also needs to be 0 to keep the capacitor voltage. As 
discussed above, it can be concluded that bi+1=ai. Thus, in part 
2, setting (Bj+1)th flying capacitor has the highest priority, thus, 
bBj+1=1-aBj+1. According to the two parts discussed above, as 



 

 

shown in Fig. 10, a preset switching state (Bn) related to the 
voltage state (An) can be obtained. For example, if Bj=0 and 
An=[0, 1, 1, 1, 1], Bn will be [1,0, 1, 1, 1, 1] after part 1 in step 
3, and Bn will be [1,0, 1, 1, 1, 1] after part 2 in step 3. 

Step 4：Finally, the number of ones in Bn is supposed to 
be Bk. Thus, according to the priority, change “1” to “0” or “0” 
to “1” in descending order to make sure that the number of 
one in Bn equals Bi. For example, when Bj=0 and Bi=2, Bn 
after step 3 is [1, 0, 1, 1, 1, 1], then, change “1” to “0” from 
the order of b6-b5-b4-b3-b2-b1, until b6+b5+b4+b3+b2+b1=Bi. 
Thus, the final switch states “S1S2S3S4S5S6”, equaling to 
“b1b2b3b4b5b6”, will be “101000” after above operation. 

 
TABLE I 

THE S1S2S3S4S5S6 OF SEVEN-LEVEL INVERTER WHEN Bj =0 
   Bi 

Bk   
0 1 2 3 4 5 6 

0 000000 100000 100001 100011 100111 101111 111111 
1 000000 100000 100001 100011 100111 101111 111111 
2 000000 100000 100010 100011 100010 101111 111111 
3 000000 100000 100010 100011 100111 101111 111111 
4 000000 100000 100100 100101 100111 101111 111111 
5 000000 100000 100100 100101 100111 101111 111111 
6 000000 100000 101000 101001 101011 101111 111111 
7 000000 100000 101000 101001 101011 101111 111111 
8 000000 100000 101000 101010 101011 101111 111111 
9 000000 100000 101000 101010 101011 101111 111111 
10 000000 100000 101000 101100 101101 101111 111111 
11 000000 100000 101000 101100 101101 101111 111111 
12 000000 100000 101000 101100 101101 101111 111111 
13 000000 100000 101000 101100 101101 101111 111111 
14 000000 100000 101000 101110 010110 101111 111111 
15 000000 100000 101000 101100 101110 101111 111111 
16 000000 010000 010010 010011 010111 011111 111111 
17 000000 010000 010010 010011 010111 011111 111111 
18 000000 010000 010010 010011 010111 011111 111111 
19 000000 010000 010010 010011 010111 011111 111111 
20 000000 010000 010100 010101 010111 011111 111111 
21 000000 010000 010100 010101 010111 011111 111111 
22 000000 010000 010100 010110 010111 011111 111111 
23 000000 010000 010100 010110 010111 011111 111111 
24 000000 010000 011000 011001 011011 011111 111111 
25 000000 010000 011000 011001 011011 011111 111111 
26 000000 010000 011000 011010 011011 011111 111111 
27 000000 010000 011000 011010 011011 011111 111111 
28 000000 010000 011000 011100 011101 011111 111111 
29 000000 010000 011000 011100 011101 011111 111111 
30 000000 010000 011000 011100 011101 011111 111111 
31 000000 010000 011000 011100 011101 011111 111111 

 
Taking a seven-level half-bridge flying-capacitor inverter 

as an example, Table I shows the offline table only when Bj=0, 
by using the proposed method in Fig. 10. It can be found that 
only when Bi=0 or 6, there is only one kind of switching state. 
When Bi0 or 6, there are redundant switching states. For a 
seven-level half-bridge flying-capacitor inverter, there are six 
Tables such as Table I. 

C. Look Up Table-based Capacitor Voltage Balancing 

Then, the capacitor voltage balancing method based on the 
look-up table method can be used to simplify the process 
online to break the limitation of the switching frequency. Fig. 
12 shows the look-up table-based capacitor voltage balancing 
method in one control cycle, and the input of the proposed 
method contains the output of the proposed BBPMM y and the 
sampled voltage of the flying capacitors. First of all, according 
to the sampled voltages u1 u2 …un-2, (17), and (18), the array 

index Bk related to the voltage state of the flying capacitors 
can be obtained. Then, when 0<y<n-1, Bj=Bj-1; if Bj<0, Bj=n-2. 
The array index Bj is related to the charging priority of the 
flying capacitor. This operation can make sure that the priority 
of capacitor charging is changed in turn. The output of the 
BBPMM y is also the array index related to the voltage level. 
Finally, according to y, Bj, and Bk, the switching state can be 
obtained by the array produced offline as shown in Fig. 10. 

 

Input y,  u1, u2, u3, ...un-2

Y
Bj=Bj+1

N

Bj=1
Y

0<y<N-1?

  Bj>N-1?
N

Output Snf

Snf=a[y][Bj][Bk] 

Y

Y

Step 2: Look up the Table 

Step 1: Obtain Bk  and Bj 

According to u1, u2, u3, ...un-2, (13) and (14), obtain Bk

 
Fig. 12. Look up table-based capacitor voltage balancing method. 
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Fig. 13. Time-domain wave of the BBPMM multilevel inverter-based 
WPT system when δ*=7/12. 

To further explain the charging/discharging process of the 
proposed BST-based capacitor voltage balancing method, Fig. 
13 shows an example of the flying capacitor 
charging/discharging of the seven-level inverter-based WPT 



 

 

system when δ*=7/12. As shown in Fig. 13, the transmitter 
current is used for charging or discharging. The amount of 
charge and discharge of the flying capacitor is proportional to 
the integral of the transmitter current of the WPT system in 
one control cycle. The execution frequency of the balancing 
algorithm is twice the switching frequency. Ignoring the 
influence of harmonic current, during a control cycle, the 
voltage variation of ith flying capacitor can be expressed as: 
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t

i t
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fi fi fi dc
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C πC C V
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where It is the peak value of the transmitter current; Pr is the 
rated power of the WPT system. 

Furthermore, the voltage ripple of the flying capacitor 
during the modulation period can be derived as follows: 
 Δ Δci iu N u  (20) 

where 1≤N<n-2. 

IV. SIMULATION AND EXPERIMENTAL VERIFICATION 

A. Hardware Implementation 

 
Fig. 14. Experimental platform. 
 

TABLE II 
SYSTEM PARAMETERS OF THE WPT SYSTEM 

Items Value 

DC-link voltage (Udc) 480 V 
Primary (Secondary) capacitance (Ct, Cr) (8.6, 8.44) nF 
Primary (Secondary) coil inductance (Lt, Lr) (297.2, 297.1) µH 
Primary (Secondary) series resistance (Rt, Rr) (0.3, 0.3) Ω 
Coils diameter (d1, d2) (30, 30) cm 
Distance between two coils (d) 10 cm 
Mutual inductance (M) 72.96 µH 
Resonant frequency (fr) 100 kHz 
Output capacitance (Co) 220 µF 
DC capacitors (Cdc1, Cdc2) (100, 100) µF 
Load resistance (Rdc) 55.31 Ω 
Dead time (Td) 100 ns 
Digital signal processor TMS320F28377 
SiC MOSFET SCT3080AL 
Diode  STPSC40G12WL 
Driver UCC21710 
Voltage sample  AMC1311DWVR 

 
Fig. 14 shows the prototype of the seven-level flying 

capacitor inverter-based WPT system by using the proposed 
BBPMM. When Rdc=88 Ω, the input power is 1.5 kW. The 
system consists of a DC power source (MR50040), a power 

analyzer (WT5000), a silicon-carbide-based seven-level flying 
capacitor inverter with drivers, a WPT circuit, a full-bridge 
rectifier, an electronic load (PLZ1003WH), a 24 V auxiliary 
voltage source, and a DSP TMS320F28377 board. The 
transmitter and receiver coils are made of Litz wire. The 24 V 
voltage source is used to feed the auxiliary circuit. The power 
analyzer measures the input and output power. All flying 
capacitors have the same capacitance and rated voltage for 
convenience and lower voltage ripple. The system parameters 
are listed in Table II. 

The differential circuits based on the isolated amplifiers 
(AMC1311DWVR) are used to sample flying capacitor 
voltages and input voltage. The voltage sampling calibration is 
achieved by linear fitting in Microsoft Excel. This experiment 
was run at room temperature. To speed up the algorithm, the 
BBPMM algorithm, the BST-based capacitor voltage 
balancing algorithm, the Σ-Δ PMM algorithm, and the 
conventional token rotation-based voltage balancing algorithm 
are all written in the RAM of DSP TMS320F28377. When 
executing the algorithms on the 200 MIPS single-core 
processor of the DSP TMS320F28377, the proposed BST-
based voltage balancing method only needs 85 clock cycles, 
while the conventional token rotation-based capacitor voltage 
balancing method [28] needs 179 clock cycles. Thus, 
compared with the traditional method, the proposed voltage 
balancing method can obviously decrease the computational 
burden online and is 2.1059 times faster than that in [28]. 

B. Flying Capacitor Voltage Balance Analysis 

Besides, Fig. 15 shows the flying capacitor voltages and 
DC-side output voltage of the FCMLI-based WPT system 
with step and ramp responses. When δ* steps from 3/16 to 
11/16 or from 11/16 to 3/16, the output voltage steps from 
43.0 V to 160 V or from 160 V to 43.0 V within 0.04 s, but all 
the flying capacitor voltages u3, u4, and u5 have insignificant 
changes as shown in Fig. 15(a) and (b). When the load steps 
from 57.86 Ω to 28.93 Ω or from 28.93 Ω to 57.86 Ω, the 
output voltage steps from 160 V to 80.0 V or steps from 80.0 
V to 160.0 V within 0.02 s, and all the flying capacitor 
voltages u3, u4, and u5 have insignificant changes as shown in 
Fig. 15(c) and (b). As shown in Fig. 15(e) and (f), when δ* is 
ramped up from 0.1 to 0.9 or ramped down from 0.9 to 0.1, 
the output voltage ramps from 23.2 V to 209.3 V or from 
209.3 V to 23.2 V, and all the flying capacitor voltages u3, u4, 
and u5 have insignificant changes. 

In addition, Fig. 15(g)-(i) shows the flying capacitor 
voltage and the output voltage when there is a large 
disturbance of the input voltage. Fig.15 (g) shows that when 
the input voltage changes from 320 V to 480 V and λ=0.9, u3, 
u4, and u5 decrease to the new reference values within 0.125 s, 
and udc increases from 136.0 V to 204.0 V within 0.04s. Fig.15 
(j) shows that when the input voltage changes from 480 V to 
320V and λ=0.9, u3, u4, and u5 decrease to the new reference 
values within 0.125s, and udc decreases from 204 V to 136.0 V 
within 0.04s. Comparing Fig. 15(g) and (i), it can be found 
that a changing λ from 0.9 to 0.95 leads to insignificant 
changes in the dynamic response of u3, u4, u5, and udc when the 
input voltage step increases from 320V to 480V. Fig. 15(j) 
shows that when δ* is a 50Hz sinusoidal signal, the output 
voltage is sinusoidal, and all the flying capacitor voltages u3, 



 

 

u4, and u5 can be kept constant at the reference value. The 
experimental results in Fig. 15 show the stability and 
effectiveness of the proposed voltage balancing method of the 
FCMLI-based WPT system. 

 
(a)                                                    (b) 

 
(c)                                                    (d) 

 
(e)                                                    (f) 

 
(g)                                                    (h) 

 
(i)                                                    (j) 

Fig. 15. DC-side Output voltage and capacitor voltages of the FCMLI-
based WPT system. (a) Step increasing δ*. (b) Step decreasing δ*. (c) 
Step increasing Rdc. (d) Step increasing Rdc. (e) Increasing δ* in a ramp. 
(f) Decreasing δ* in a ramp. (g) λ=0.9, step increasing Vdc. (h) λ=0.9, 
Step decreasing Vdc. (i) λ=0.95, step increasing Vdc. (j) Sine command 
of 50 Hz for δ*. 

C. Characteristic Analysis 

  
(a)                                                    (b) 

 
(c)                                                    (d) 

 
(e)                                                    (f) 

 
(g)                                                    (h) 

  
(i)                                                    (j) 

 
(k)                                                    (l) 

Fig. 16. Inverter output voltages and currents. (a) Σ-Δ PMM, δ*=3/16. 
(b) BBPMM, δ*=3/16, λ=0.9. (c)Σ-Δ PMM, δ*=11/16 (d) BBPMM, 
δ*=11/16, λ=0.9. (e) Σ-Δ PMM, δ*=15/16. (f) BBPMM, δ*=0.75, λ=0.9. (g) 
Σ-Δ PMM, δ*=0.25. (h) BBPMM, δ*=0.25, λ=0.9. (i) Σ-Δ PMM, δ*=0.75. 
(j) BBPMM, δ*=0.75, λ=0.9. (k) BBPMM, δ*=11/16, λ=0.99. (l) BBPMM, 
δ*=11/16 λ=0.95. 
 

With different δ*, Fig. 16 compares the experimental 
waveforms of the output voltage ut and the transmitter current 
it of the seven-level inverter by using the proposed BBPMM 
and Σ-Δ PMM. Comparing Fig.16 (a) and (b), when δ*=3/16, 
the ∆i and THD of BBPMM with λ=0.9 are 1.2 A and 28.57%, 
and the ∆i and THD of the Σ-Δ PMM are 2 A and 46.18%. 
When δ*=3/16, compared with the Σ-Δ PMM, the current 
ripple ∆i and the THD of BBPMM with λ=0.9 reduce by 40% 
and 38.1%, respectively. Comparing Fig.16 (c) and (d), when 
δ*=11/16, the ∆i and THD of BBPMM with λ=0.9 are 0.5 A 
and 12.2%, and the ∆i and THD of the Σ-Δ PMM are 2.4 A 
and 18%. When δ*=11/16, compared with the Σ-Δ PMM, the 



 

 

current ripple ∆i and the THD of BBPMM with λ=0.9 reduce 
by 79.5% and 33%, respectively. Comparing Fig.16 (e) and (f), 
when δ*=15/16, the ∆i and THD of BBPMM with λ=0.9 are 
0.5 A and 6.8%, and the ∆i and THD of the Σ-Δ PMM are 1.7 
A and 8.5%. When δ*=11/16, compared with the Σ-Δ PMM, 
the current ripple ∆i and the THD of BBPMM with λ=0.9 

reduce by 70.6% and 20%, respectively. Comparing Fig.16 (c) 
and (k), it is found that when δ*=3/16, the BBPMM with 
λ=0.99 and Σ-Δ PMM have the same voltage and current 
waveforms. Furthermore, comparing Fig. 16(d), (k), and (l), 
when λ is 0.99, 0.95, and 0.9, the THD of BBPMM is 18.0%, 
15.0%, and 12.2%, and the current fluctuations are 2.4A, 1.7A, 
and 0.5A, respectively. It can be found that when δ*=11/16, a 
decrease in λ can decrease the THD and the current ripple. 
Some work conditions exist where the ripple and the THD of 
the transmitter current of the Σ-Δ PMM are high. In these 
cases, compared with Σ-Δ PMM, the THD and current ripple 
of the transmitter current can be further reduced by regulating 
λ of the BBPMM. Comparing (g) and (h) or (i) and (j), it is 
found that when δ*=0.25 and 0.75, the BBPMM with λ=0.9 
and Σ-Δ PMM have the same voltage and current waveforms, 
which is consistent with the simulation results as shown in 
Section II.C.  

 
Fig.17. Experimental waves of vds1, vgs1, and it when δ*=0.9375. 
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(a)                                                     (b) 

Fig. 18. The relation between the system efficiency, output power, and 
output voltage by changing δ*. (a) The system efficiency and output 
power by changing δ*. (b) The output voltage by changing δ*. 

 
Fig. 16 shows that the slopes of the output voltage of the 

multilevel inverter reach their final value just slightly before 
the zero-crossing points of the transmitter current for both 
BBPMM and Σ-Δ PMM. It means that both the proposed 
BBPMM and the Σ-Δ PMM can realize the ZVS. Furthermore, 
Fig. 17 shows the switching waveforms of the BBPMM-WPT 

system while *=0.9375, where vds1 and vgs1 are the drain-
source voltage and gate-source voltage of the switch S1, 
respectively. Fig. 17 shows that vgs1 becomes a high-level 
voltage after vds1 becomes zero, indicating that S1 can realize 
reliable ZVS for the BBPMM-WPT system. 

Furthermore, Fig. 18 compares the system efficiency and 
output voltage of the multilevel inverter-based WPT system by 
using BBPMM and Σ-Δ PMM. Due to the realization of the 
ZVS, the system efficiency is high during a wide range of 
output power for both BBPMM and Σ-Δ PMM. As shown in 
Fig. 18(a), the slope of the system efficiency of the BBPMM 
and Σ-Δ PMM is similar, both of them are kept above 90% in 
a wide output power range (10%-100% Pr), and the efficiency 
is measured by WT5000. Fig. 18(b) shows that the DC-side 
output voltage is proportional to δ* for both BBPMM and Σ-Δ 
PMM, which verifies the theoretical analysis in section II. B. 

In addition, the input and output powers of the seven-level 
inverter and the diode rectifier are measured by WT5000, and 
then, the percentage of loss components with respect to the 
input power can be calculated. Fig. 19 shows the output power 
and power loss distribution of the BBPMM seven-level half-
bridge inverter-based WPT system when δ*=0.99 and 
Rdc=55.31, where the input power is 989.6 W and the system 
efficiency is 93.7%. The transfer network loss accounts for 
3.25%, which is maximal. The power loss of the seven-level 
inverter accounts for 2.23%, and the power loss of the diode 
rectifier accounts for 0.82%. 

 

93.7%

Output power (927.3W)
Inverter loss(22.1W)
Rectifier loss (8W)

Transfer network loss (32.2W)

0.82%

3.25% 2.23%

 
Fig. 19. Output power and power losses when δ*=0.99, Rdc=55.31. 
 

D. Comparison between the proposed method and the 
conventional methods 

First of all, compared with the Σ-Δ PDM [18] or Σ-Δ PFM 
[24] for the two-level inverter or the Σ-Δ SVPFM three-level 
inverter-based WPT system, the Σ-Δ PMM for the multilevel 
inverter has a lower harmonic current on the transmitter side 
and a lower DC-side voltage ripple in a wide range [28]. 
Moreover, the Σ-Δ PMM for the multilevel inverter can be 
connected to a higher DC voltage bus. The BBPMM has the 
above advantage as the Σ-Δ PMM. Besides, the resolution of 
the above modulation method based on the Σ-Δ modulator is 
not adjustable, but BBPMM has a continuously adjustable 



 

 

resolution, which is also a unique advantage. The BBPMM 
can furthermore reduce the THD and current ripple of the Σ-Δ 
PMM by adjusting the resolution. Meanwhile, BBPMM has 
the same disadvantage as the Σ-Δ PMM. When the voltage 
level n of the multilevel inverter increases by 1, two additional 
MOSFETs, an additional set of flying capacitors, and an 
additional set of voltage sampling circuits are required, 
leading to an increase in the cost. The voltage self-balancing 
method of the multilevel inverter for the WPT system needs to 
be further investigated to reduce the cost in the future. One of 
the potential applications of the proposed system is wireless 
charging of electric vehicles, providing efficient power 
transmission and reliable operation. Second, multilevel 
inverter-based WPT systems can be used for high-power 
applications connected to the DC medium voltage, such as the 
underwater data center and large electric boats. 

V. CONCLUSIONS 

The BBPMM and BST-based capacitor voltage balance 
methods of the multilevel inverter for WPT systems have been 
proposed and implemented. Some conclusive remarks are 
summarized below: 

1) The BBPMM of multilevel inverters for WPT systems 
has been proposed and verified in this paper. It is based on 
specially designed iterative functions to fit and approximate 
the actual normalized voltage ratio of the output voltage of the 
multilevel inverter. It has the significant advantage of 
adjustable resolution, which is more flexible than the Σ-Δ 
PMM.  

2）Furthermore, it is found that the BBPMM multilevel 
inverter-based WPT systems can decrease the ripple and THD 
of the transmitter current in a wide range by adjusting the 
resolution, compared with the Σ-Δ PMM multilevel inverter-
based WPT system. 

3) Besides, the BST-based capacitor voltage balancing 
method of the flying-capacitor multilevel inverter for the WPT 
system has been proposed. It combines the online and offline 
processes of the capacitor voltage balance method to simplify 
the algorithm in a control period of the BBPMM multilevel 
inverter-based WPT system. The technique can make the 
flying capacitor voltages of the multilevel inverter with 
arbitrary voltage levels balanced at the reference values, and it 
requires a low online computational burden, which increases 
the potential for higher switching frequency of the PMM 
multilevel inverter-based WPT system. 

Finally, experimental verification was given to verify the 
feasibility of the proposed modulation method and the BST-
based capacitor voltage balancing method. 
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