
A Wide-Voltage-Range Input High-Power-Density
Three-Phase Grid-Frequency Isolated Inverter
Yong Tang 

Nanchang Institute of Science and Technology
Huiying Tang 

School of Mechanical and Electrical Engineering
Bo Wang 

Nanchang Institute of Science and Technology

Research Article

Keywords: wide voltage input, multiplex technology, carrier phase shift, 3D wound core, double-Fourier
analysis, power density

Posted Date: March 13th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-8947226/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://doi.org/10.21203/rs.3.rs-8947226/v1
https://doi.org/10.21203/rs.3.rs-8947226/v1
https://doi.org/10.21203/rs.3.rs-8947226/v1
https://creativecommons.org/licenses/by/4.0/


 

VOLUME XX, 2024 1 

A Wide-Voltage-Range Input High-Power-
Density Three-Phase Grid-Frequency Isolated 
Inverter 

Yong Tang1, Huiying Tang2, Bo Wang1 
1School of Information and Artificial Intelligence, Nanchang Institute of Science and Technology, Nanchang, 330108, China 
2School of Mechanical and Electrical Engineering, Wuhan Donghu University, Wuhan, 430212, China 

Corresponding author: Huiying Tang, China (e-mail: huiyingtang2024@126.com). 

ABSTRACT As shipboard distribution systems keep advancing toward miniaturization, integration, and 

high efficiency, energy storage components have become an integral part of the distribution system. Three-

phase inverters are confronted with challenges including a broad DC input voltage range, stringent AC power 

quality standards, and the demand for high power density. This study presents a hybrid three-phase dual-stage 

inverter topology that markedly enhances the equivalent switching frequency via multiphase technology, 

realizing a five-level phase voltage with a fourfold frequency gain and thus lowering the requirement for LC 

filters. The adoption of a carrier phase-shifting (CPS) modulation scheme effectively suppresses the output 

common-mode (CM) voltage, thus significantly reducing the design requirements for EMI filters. Through 

the application of integrated transformer magnetic circuit technology and a three-dimensional (3D) coiled 

core structure, the overall size and weight of isolation transformers and filter inductors have been significantly 

reduced. Moreover, the series connection of the transformer's secondary windings enhances the peak 

amplitude of the AC output voltage while further improving the utilization efficiency of the DC voltage. 

Through these comprehensive measures, the designed distribution system inverter exhibits the advantages of 

high system efficiency, strong reliability, cost-effectiveness, compact size, and light weight, making it 

particularly suitable for high-power applications requiring isolated wide-range DC voltage inputs. 

INDEX TERMS wide voltage input; multiplex technology; carrier phase shift; 3D wound core; double-

Fourier analysis; power density 

 

I. Introduction 

The integrated power system of ships incorporates power 

generation systems, power conversion and distribution 

systems, propulsion systems, and other related equipment to 

realize unified electrical dispatch and centralized power 

management. It is the development trend of marine power 

systems [1]. As research progresses, distribution systems are 

evolving toward miniaturization, integration, and high 

efficiency. Energy storage has become an essential 

component of power generation systems to ensure electrical 

energy quality. However, connecting energy storage 

batteries to the DC power grid introduces practical 

challenges for three-phase isolated inverters used in marine 

applications, which are featured by a DC voltage range (400-

700 V), strict AC power quality requirements, and the 

demand for higher power density [2]. 

To achieve electrical isolation between input and output, 

the most conventional solution is to directly incorporate grid-

frequency transformers between filters and loads. Grid-

frequency isolated inverters boast mature technology and 

exhibit reliable electrical performance, delivering relatively 

high conversion efficiency and gaining widespread 

application. Nevertheless, they have inherent limitations 

such as low operating frequency, bulky transformers, heavy 

weight, high manufacturing costs, low power density, and 

suboptimal dynamic performance[3]. In an effort to reduce 

inverter size and weight while increasing system power 

density, many studies proposed the use of high-frequency 

transformers to replace grid-frequency transformers for 

isolation [4-8]. Two common approaches are the two-stage 

and single-stage high-frequency isolated inverter solutions. 

Among these, the two-stage high-frequency isolated inverter 

offers the advantage of mature technology at each 

conversion stage [9-12], allowing independent control of 

front and rear stages, thereby enhancing flexibility. 

However, it suffers from the drawback of having multiple 

energy transfer stages, which reduces system conversion 

efficiency. By contrast, the high-frequency single-stage 
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isolated inverter features fewer conversion stages and 

components, along with lower costs and higher operational 

efficiency [13-18]. Nevertheless, single-stage inverters of 

this type encounter certain issues: firstly, the switching 

devices are typically hard-switched, leading to high 

switching losses, and secondly, output filters with filtering 

inductors are bulky and heavy. More critically, during dead 

time or sudden power loss in the control system, the filtering 

inductor current lacks a return path, which can result in high-

voltage breakdown of power switching devices, 

compromising system safety and reliability. 

In marine distribution systems, to increase the power 

density of three-phase inverter sources [19-24], high-

frequency isolation topologies can be adopted. However, the 

wide range of DC voltage fluctuations caused by energy 

storage integration makes it challenging to design the soft-

switching operating points of DC-DC converters. This 

results in high switching losses and low converter efficiency, 

as well as reliability issues [25-30]. Considering factors such 

as reliability, efficiency, heat dissipation, and cost, grid-

frequency isolation topologies are more suitable for practical 

engineering applications. However, compared to high-

frequency isolation topologies, addressing the issue of 

increased power density remains an urgent concern. 

This study presents a dual-stage grid-frequency isolated 

three-phase inverter topology, which integrates multiphase 

technology to boost the equivalent switching frequency 

while minimizing the specifications of output LC (inductor-

capacitor) filters. Furthermore, a phase-shifted carrier 

modulation approach is utilized to mitigate the output CM 

voltage, thereby reducing the requirements for 

electromagnetic interference (EMI) filters. To achieve 

miniaturization and lightweight design of isolation 

transformers and filter inductors, magnetic integration 

technology, together with a 3D core configuration, is 

adopted for system optimization. Additionally, connecting 

the transformer's secondary windings in series enhances the 

AC output voltage amplitude and increases the utilization 

rate of the input DC voltage. Consequently, the proposed 

topology is particularly well-suited for high-power 

applications demanding isolated wide-range DC voltage 

inputs, featuring prominent advantages including high 

system efficiency, reliable operation, cost-effectiveness, and 

compact footprint. 

 

II. Research on multiphase technology in novel 
topology 

A. Main circuit of novel three-phase dual-stage 
topology 
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FIGURE 1. Three-phase dual full-bridge integrated inverter 

 

Fig. 1 depicts the novel three-phase dual-stage inverter 

topology proposed in this work. This configuration adopts 

two sets of three-phase full-bridge inverters, which are 

serially connected via two Y/Y-connected transformers on 

their secondary side. In the topology, each H-bridge is 

operated with unipolar pulse-width modulation (PWM), 

meanwhile, a phase-shifted carrier modulation approach is 

adopted between the two H-bridges corresponding to each 

phase. The integration of CPS modulation into the dual H-

bridge cascaded topology remarkably boosts the effective 

switching frequency. The main circuit is composed primarily 

of input support capacitors, three-phase full-bridge power 

units, transformers (T1, T2), and LC filters (Lf, Cf), with Lf 

corresponding to the transformer leakage inductance. 

B. Novel topology modulation strategy 
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FIGURE 2. Dual-group CPS modulation H-bridge equivalent circuits 
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FIGURE 3. Five-level CPS modulation equivalent diagram 

 
Fig. 2 presents the circuit configuration of two H-bridges 

serially interconnected via the secondary windings of a 

transformer. In this diagram, a1, a2, a3, and a4 denote the four 

half-bridge modules arranged from left to right, where a1 and 

a2 form the first H-bridge unit, and a3 and a4 compose the 

second unit. The output voltages of these two units are 

defined as ua1a2 and ua3a4, respectively; with these voltages 

applied in series and superimposed on the transformer 

secondary side, the integrated output voltage is defined as ua. 

Unipolar PWM is adopted for each individual H-bridge, 

whereas a CPS modulation scheme is adopted between the 

two H-bridge modules, as illustrated in Fig. 3. Specifically, 

uc12 serves as the carrier signal for the first H-bridge's arms 

(a1 and a2), and uc34 acts as the carrier signal for the second 

H-bridge's arms (a3 and a4), with a 90° phase shift existing 

between uc12 and uc34. Meanwhile, ur13 represents the 

modulation wave corresponding to arms a1 and a3, and ur24 

represents that for arms a2 and a4, featuring a 180° phase shift 

between ur13 and ur24. As observed from Fig. 3, the proposed 

equivalent modulation strategy enables the output phase 

voltage to achieve a fourfold frequency multiplication and a 

five-level output characteristic, thereby offering a more 

intuitive and clear physical interpretation. 

C. Harmonic analysis of output phase voltage 

 

FIGURE 4. Working Principle of a Half-Bridge Inverter 

 

Fig. 4 illustrates the control principle of a half-bridge 

inverter based on sinusoidal pulse width modulation 

(SPWM). For the sake of analytical simplicity, the triangular 

carrier wave is decomposed into two linear segments with 

slopes of c2 /U +  and c2 /U − , respectively. Where Uc 

denotes the amplitude of the triangular wave, and Tc 

represents its switching period. Accordingly, the 

mathematical expression of the triangular carrier wave is 

derived as follows: 

 
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 (1) 

where ωc denotes the angular frequency of the triangular 

carrier wave; α represents the initial phase angle of the 

triangular carrier wave; and k takes integer values of 0, 1, 

2, ... . 

The mathematical expression corresponding to the 

sinusoidal modulation wave is presented as follows: 

( )r r o osinu U t=  +                 (2) 

Let the modulation ratio M = Ur/Uc ≤ 1, with Uc being 

held constant. 

The double Fourier series corresponding to the two-level 

SPWM switching function sa1 (x, y) is derived as follows: 
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  (3) 

Similarly, the switch functions sa2, sa2, and sa4 for arms 

a2, a3, and a4 can be derived, respectively. As the turns ratio 

for transformers T1 and T2 is defined as NT:1, the voltage on 

the transformer secondary side of each transformer can be 

formulated with reference to the schematic shown in Fig. 2. 
 
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(4) 

Equation (4) describes the output voltage ua of phase A 

for the proposed three-phase dual-stage inverter under five-

level PWM modulation based on CPS method, which is 

illustrated in Fig. 3. In this expression, the first term 

corresponds to the fundamental component of ua, with an 

amplitude of 2MUdc/NT. In contrast to conventional three-

phase inverters, the amplitude value of the output AC 

voltage's fundamental component is doubled, which is 

perfectly consistent with the multiplicity characteristic. The 

second term denotes the harmonic component of ua; these 

harmonics are concentrated in the sidebands adjacent to 

4mωc, thereby realizing a fourfold frequency regulation 

effect. 

 

III.  Research on CPS modulation in the novel topology 

A. Derivation of CM Voltage Expression 

According to the standard definition for CM voltage in 

three-phase inverter systems, the magnitude of the CM 

voltage corresponding to the newly developed three-phase 

dual-stage topology presented in Fig. 1 is defined via 

Equation (5). 
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By applying the same logic, double Fourier series 

expressions associated with the switching functions of each 

bridge arm can be systematically derived, thereby yielding 

the final formulation of the CM voltage for the hybrid three-

phase dual-stage topology, as specified in Equation (6). 
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(6) 
Equation (6) establishes the explicit expression 

corresponding to the CM voltage exhibited by the integrated 

three-phase dual-stage inverter topology. 

B. Mitigating CM voltage via CPS modulation 

Conventional sinusoidal pulse width modulation (SPWM) 

control schemes inherently induce CM voltages, with the 

most severe condition arising when all upper (or lower) 

bridge arms conduct synchronously, thus leading to a zero-

state operation. To alleviate the adverse effects of such zero 

states, the CPS modulation strategy can be adopted to 

mitigate the CM voltage of the inverter. In the following 

chapters, this research explores the impacts of carrier phase-

shift angles on the magnitude of CM voltage. 

According to the volt-second balance principle, tuning 

the carrier signal phase does not affect the fundamental 

voltage amplitude at the inverter output. With reference to 

the CM voltage expression in Equation (8), and using the 

Phase A carrier phase as the benchmark, we have two 

degrees of freedom for interphase carrier phase shifting 

(namely, the phase-shift angles corresponding to the Phase B 

and Phase C carriers). Through scanning simulation of the 

Phase B and Phase C carrier angles with a 10° step size, we 

can obtain the CM voltage amplitude of the three-phase 

inverter under different carrier phase configurations, as 

shown in Fig. 5. The results indicate that both the amplitude 

and RMS value of the CM voltage reach their minimums 

when the carrier phase combinations of Phases A, B, and C 

are configured as (0°, -120°, 120°) or (0°, 120°, -120°). 

 

FIGURE 5. Impact of CPS angles on inverter output CM voltage 

 

Where A-phase, B-phase, and C-phase triangular carrier 

phase angles are defined as 0, -2π/3, and 2π/3, respectively. 

The expression for the CM voltage is given by Equation (7). 

( )

( )

( ) ( ) ( )

( )

4

cm a b c

1

dc

0 c

1,2

dc

6 c o o

1,2

dc

6 2

1

12

2 1 6 3 6 3
sin cos 6 3

6 3 2 2

2 1 6 3
cos 3 3 2 sin 6 3 6

6 3 2

1 2 1
cos 3 si

2 1 2

i i i

i

m

n

m n

n

u u u u

U m m
J M m t

m

U m
J M m n m t n t

m

U m
J M m n

m

=

+

= 

+ +

=  =−

+

= + +

− − = −    −  

− + + − − + +    −  
− + + −  





 

  


    


 


( ) ( )

( ) ( ) ( )

c o o

1,2

dc

6 4 c o o

1,2

n 2 1 (6 2) / 4

1 2 1
cos 3 1 sin 2 1 (6 4) / 4

2 1 2

m n

n

m n

m t n t

U m
J M m n m t n t

m

+ +

=  =−

+ +

+
=  =−

− + + + +  

− + + + − + + + −    −  

 

 

   

     


(7) 

 

(a) Computed CM voltage spectrum under non-CPS conditions 

 
(b) Computed CM voltage spectrum under CPS conditions 

FIGURE 6. Calculated results of inverter output CM voltage spectrum 

 

Equation (7) delineates the common-mode (CM) voltage 

expression corresponding to the integrated three-phase dual-

stage inverter that adopts the CPS modulation strategy. The 

calculated frequency spectrum of the CM voltage is depicted 

in Fig. 6. The adoption of the CPS modulation strategy can 

effectively suppress the amplitude of the CM voltage, which 

in turn contributes to a substantial reduction in the volume 

and weight of the output EMI filter and a simultaneous 

improvement in the power density of the entire device. 

 

IV. Research on magnetic integration in the novel 
topology 

Magnetic integration adopted in this research covers 

three key aspects: 1) integration of magnetic core circuits; 2) 

replacement of the conventional flat laminated core structure 
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with a 3D wound core structure; 3) integration of filter 

inductors into the leakage inductance of the isolation-type 

transformer. 

The design methodology for magnetic core circuit 

integration is depicted in Fig. 7, which involves iterative 

design processes for six single-winding transformers, three 

three-winding transformers, and two six-winding 

transformers. The proposed design scheme helps cut down 

the size and weight of the transformers, and further boosts 

the overall power density. In comparison with the final 

configuration equipped with six single-phase windings, the 

two six-winding transformers achieve a volume reduction of 

approximately 20% and a weight reduction of around 12%. 

Single windings Three windings

Core magnetic 

circuit 

integration

Three-phase 

core magnetic 

circuit

（a） （b） （c）

Six windings

 
FIGURE 7. Design of Magnetic Integration for Combined Isolation 
Transformer Cores 

 

The 3D wound core transformers possess inherent 

advantages including magnetic symmetry and lightweight 

construction. These transformers are capable of improving 

output harmonic performance while reducing overall volume 

and weight. In comparison with conventional three-phase 

flat laminated core transformers, the proposed transformer 

achieves a volume reduction of approximately 10% and a 

weight decrease of around 15%. The iron core structure 

adopted in this research is illustrated in Fig. 8. 

 
(a) Core and winding (b) Assembly draft 

FIGURE 8.  3D wound core transformer  

 

The topology presented in this research employs 

multiphase technology to boost the effective switching 

frequency. Theoretical calculations show that the demanded 

output filter inductance is around 60μH. Therefore, it is 

feasible to replace the independent output filter inductor with 

the properly optimized leakage inductance of the transformer, 

which in turn improves the system's power density. During 

the transformer design and analysis stage, the frequency-

related properties of winding impedance are incorporated 

into the design. The effectiveness of the proposed design is 

verified by comparing the time-domain simulation results of 

the transformer's frequency-dependent leakage inductance 

magnetic circuit model (as shown in Fig. 9) with the 

calculation outcomes derived from the two-dimensional 

equivalent model of the finite element method (FEM), as 

well as the experimental measurement data. 

 
FIGURE 9. A comparative analysis of leakage inductance: experimental 
measurements vs. FEM calculations and time-domain simulations 

 

As can be observed from Fig. 9, the experimental values 

show a close correlation with the calculated and simulated 

results. For the 3D wound core transformer, its leakage 

inductance maintains a value of approximately 110 μH or 
higher at frequencies below 1 kHz, and stays at around 75 

μH or more within the frequency range of 1 kHz to 40 kHz. 
This performance fully satisfies the output filter inductance 

requirements of the three-phase dual-stage inverter. 

Therefore, the transformer's leakage inductance can be 

directly employed to substitute the dedicated output filter 

inductor, which further contributes to the reduction of the 

device's overall volume and weight. 

 

V. Experimental validation 
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FIGURE 10. Experimental platform 

 
For the purpose of verifying the accuracy and validity of 

the proposed novel three-phase dual-stage inverter topology, 

a prototype was built to conduct experimental validation. 

The core parameters of the prototype are tabulated in Table 

1, while the experimental test bench is presented in Fig. 10. 

The acquired experimental waveforms are illustrated in Figs. 

11 to 15. 

 
TAB.1 PARAMETERS OF THE PROTOTYPE INVERTER  

Parameter Value 

DC input voltage Udc 400~700V 
output line voltage Uline 390V 

output fundamental frequency fo 50Hz 

output active power Po 130kW 
power factor cosφ 0.8 

ratio of transformer NT 1 

switching frequency fsw 5.5kHz 

As shown in Fig.11 and Fig.12, the proposed novel 

topology realizes a five-level characteristic of the phase 

voltage, and its equivalent switching frequency reaches as 

high as 22 kHz. Within the DC voltage fluctuation range of 

400 V to 700 V, the output AC voltage finishes adjustment 

within half a mains frequency cycle. Under rated inductive 

load and 35% nonlinear load operating conditions, the total 

harmonic distortion (THD) values of the phase voltage ua are 

1.71% and 3.85%, respectively. 

 

(a) A-phase voltage of transformer secondary side A-phase voltage 

   

 

(b) Line voltage with DC input 400V-700V step 
 

 

(c) Line voltage with 100% resistance and inductance load 
 

 

(d) Line voltage with 35% nonlinear load  

FIGURE 11. Test waveforms of the proposed novel topology under 
various load modes 
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As shown in Figs. 13 and 14, the adoption of the CPS 

strategy cuts the CM voltage amplitude at the switching 

frequency down to one-sixth of that recorded in the absence 

of this strategy, which in turn enables a considerable 

decrease in the size and weight of the EMI filter. 

 

 

(a) Voltage harmonic analysis of transformer secondary side phase 
voltage  

 

(b) Voltage harmonic analysis of 100% resistance-inductance load 

  

 

(c) Voltage harmonic analysis of 35% nonlinear load 

FIGURE 12. Fourier spectrum analysis on experimental waveforms of 
the novel topology 

 

 
(a) Measured waveform of the output CM voltage 

 
(b) Measured spectrum of output CM voltage 

FIGURE 13. Measured results of output CM voltage in the absence of 
CPS modulation 

 

 
(a) Measured waveform of output CM voltage 

 
(b) Measured spectrum of output CM voltage 

FIGURE 14. Measured results of output CM voltage with implemented 
CPS modulation 
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At 35% of the rated load, a comparison of the measured, 

simulated, and calculated primary-side current values of the 

3D wound core transformer is presented in Fig. 15, with 

detailed numerical comparisons enumerated in Tab. 2. 

 

 

 
FIGURE 15. Comparison of primary side current test value, calculated 
value and simulation value under load steady state condition 

 

 
TAB.2 COMPARATIVE ANALYSIS OF PRIMARY CURRENT HARMONIC 

SPECTRA UNDER STEADY-STATE LOAD OPERATION 

Frequency (Hz) 50 150 13050 25850 26150 

Experimental value (V) 58.430 23.870 2.783 4.914 4.726 

Simulative value (V) 58.050 26.401 1.746 3.872 3.647 

Relative error (%) 0.65% 10.60% 37.26% 21.20% 22.83% 

Calculated value (V) 58.380 25.740 2.874 4.755 4.442 

Relative error (%) 0.09% 7.83% 3.27% 3.24% 6.01% 

 

It can be seen from Fig. 15 and Table 2 that the measured 

value of the fundamental component amplitude of the 

primary-side current matches well with the simulated and 

calculated results. At the same time, the main harmonic 

components located in the sidebands of the multiple 

switching frequency also show a high degree of coherence. 

These findings confirm the validity of the proposed 

transformer design, and further prove that the transformer's 

leakage inductance can be used as an effective substitute for 

the dedicated output filter inductor. The actual filtering 

performance aligns with theoretical design expectations, 

showing that the constructed theoretical and simulation 

models can provide practical guidance for the transformer's 

engineering design. 

 

6 Conclusion 

This study puts forward a novel three-phase dual-stage 

inverter topology, which boosts the equipment's power 

density through the integration of multiphase technology, 

CPS modulation, transformer magnetic integration design, 

and a 3D wound core configuration. The series connection 

of the transformer's secondary windings effectively elevates 

the utilization efficiency of DC voltage. In contrast to 

existing research findings, the fabricated prototype achieves 

performance metrics on par with those of cutting-edge high-

frequency isolated topologies in terms of volume power 

density, weight power density, and energy efficiency, under 

the hybrid cooling system that combines closed-loop water 

cooling and auxiliary air cooling. This proposed topology is 

particularly well-suited for high-power scenarios that 

demand high efficiency, high reliability, high power density, 

and excellent cost-effectiveness. 
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