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Abstract—The single-stage, isolated three-phase dc–ac converter
presents significant advantages for applications involving low dc
voltages. By eliminating the need for large capacitors, this design
facilitates a more compact physical layout. However, the com-
plexity inherent in modulation strategies frequently gives rise to
substantial three-phase current harmonics, which adversely affect
system performance. Despite numerous efforts documented in the
literature to enhance various performance metrics, the effective-
ness of these solutions has often been found to be limited. This
article presents a new modulation strategy designed to enhance
the overall performance of high-frequency link matrix converters.
We utilize frequency domain analysis through Fourier transform
for our modeling approach. Our strategy optimizes performance
by employing a combination of dual shift phase angles and dual
modulation indices. Finally, the validation of this strategy was con-
ducted on a three-phase 800 W prototype. Experimental outcomes
demonstrated a Total Harmonic Distortion below 2% using a single
DSP controller, corroborating theoretical model which predicted a
reduction in current stress to 84% of its initial level, and the peak
value of low-frequency fluctuation is reduced to 72–78%.

Index Terms—Current distortion, frequency domain analysis
(FDA), isolated dc–ac matrix converter (MC), phase-shift, space
vector modulation (SVM).

I. INTRODUCTION

IN present-day power networks, dc-based sources and loads
have gained increasing prominence, appearing in areas such

as electric vehicles (EV), data centers, communication infras-
tructure, and renewable energy systems like photovoltaic (PV)
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Fig. 1. AC-DC system structure. (a) Two-stages. (b) Single-stage.

arrays and electrochemical storage units. Under these condi-
tions, dc–ac converters serve as essential links to the power grid,
ensuring that energy is transferred efficiently, stably, and safely.
Traditionally, isolated ac–dc systems have adopted a two-stage
architecture, as illustrated in Fig. 1(a). In this setup, the initial
stage features a dc–dc converter that utilizes a high-frequency
transformer (HFT) for electrical isolation, with a significant dc
electrolytic capacitor acting as the intermediary to the back-end
voltage source converters (VSCs).

However, the employment of these capacitors not only short-
ens system life, but also restricts the enhancement of power
density. In response to these challenges, researchers have pro-
posed the single-stage isolated ac–dc matrix converter (MC) as
a promising solution [1]. As illustrated in Fig. 1(b), this config-
uration directly links the dc source or load to a HFT through an
H-bridge. On the other side of the transformer, a single-phase
to three-phase matrix converter (3-1MC) performs the voltage
transformation. This setup, dubbed the high-frequency link ma-
trix converter (HFLMC), parallels the structure of a single-phase
dual active bridge (DAB) system [2], [3]. By eliminating the
requirement for large capacitors, the HFLMC not only enhances
power density but also prolongs system durability. Furthermore,
its architecture inherently supports soft switching techniques,
leveraging DAB control principles to elevate conversion effi-
ciency [4], [5], [6]. When considering rectification, traditional
VSCs operate in a boost mode, but the 3-1MC functions as a
buck converter, making the HFLMC especially well-suited for
low-voltage dc applications, like residential power systems.

The single-stage isolation, coupled with its adaptability to
low dc voltages and the straightforward implementation of
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Fig. 2. Single-stage isolated bidirectional DC–AC topology (HFLMC).

zero-voltage switching (ZVS), makes the HFLMC a focal point
of contemporary research, providing substantial practical ad-
vantages. Given the HFLMC’s design benefits in eliminating
large capacitors and enhancing power density, the core challenge
shifts to its control mechanism. The intricate task involves
harmonizing the H-bridge and the 3-1MC operations to secure
bidirectional power flow while preserving current quality. This
topology’s popularity is not merely coincidental but a direct
result of both the pressing needs of contemporary applications
and the substantial strides in numerical control technology,
which now enables the execution of more sophisticated control
strategies [7].

Fig. 2 illustrates how the 3-1MC, which uses six bidirectional
switches, effectively operates as two current source converters
(CSCs) in antiphase and connected in parallel [8]. This setup
ensures they work on the positive and negative half-cycles of
the HFT to maintain ampere-second balance. Consequently, this
has sparked extensive research into developing numerous PWM
modulation strategies aimed at optimizing the performance of
the HFLMC.

Following the operational dynamics of the HFLMC as out-
lined above, significant research has focused on refining PWM
modulation strategies to enhance overall performance.

For soft switching, Das et al. [6] developed a novel modulation
technique, applicable only when the peak line-to-line voltage
remains below the dc voltage, thereby not fully exploiting the
3-1MC’s buck-down capabilities. This strategy, while effective
for soft switching, increases the number of switching actions.

Saha et al. [9] optimized the modulation strategy and estab-
lished an accurate loss model, while Gorla et al. [10] further
developed this approach. These works effectively reduced circuit
loss while reducing the circuit cost, and achieved high power
density and high efficiency.

Varajão et al. proposed an integration of Space Vector Modu-
lation (SVM) with DAB-based phase-shifted modulation (PSM)
to enable bidirectional power transfer [11]. However, this ap-
proach struggles with volt–second imbalance, leading to in-
creased dc current ripple, higher Total Harmonic Distortion
(THD), and an abundance of narrow pulses.

Sayed et al. [12] took a different approach with a carrier-
based PWM strategy, where the duty cycle is calculated through
a rectangular approximation. While this method does reduce

switching actions, it compromises by introducing considerable
harmonic distortion in the three-phase currents.

To address pulse width and THD issues, modifications to
the six-segment SVM (6S-SVM) involved reallocating the duty
cycle of zero vectors [13]. This technique, although reducing
switching actions and offering frequency domain analysis (FDA)
benefits, does not mitigate the dc-bias related current issues.

Hu et al. [14] introduced an asymmetrical SVM strategy
adept at managing open-circuit faults. They further developed
a dual-period decoupled modulation technique (DPD-SVPSM)
to isolate transformer and grid currents, thus reducing THD
[15], [16]. This method, however, relies heavily on precise tim-
ing control, with a subsequent variable dual-period modulation
(VDPD-SVPSM) designed to push power limits [17].

Further efforts to minimize inductor current stress leveraged
the 6S-SVM strategy, with the dynamic phase-shift angle of the
H-bridge derived through both FDA and time-domain analysis
(TDA) [18], [19]. Despite these advancements, the persistent
challenge of dc-bias remained unaddressed.

Certain studies have focused solely on the uncontrolled recti-
fication (ac–dc) direction. For instance, work presented in [20],
based on 6S-SVM, solved the nonideal current equation via TDA
and eliminated THD by adjusting the modulation index in real
time. In addition, for specific conditions, abandoning zero vec-
tors and altering vector sequences can reduce dc current ripple
[21]. A comparative analysis of various 6S-SVM strategies was
conducted in [4], aiding in the selection of methods that more
readily achieve ZVS.

After recognizing the issue of dc-bias caused by line-to-line
voltage, Hu [22] adopted a four-segment symmetrical space
vector modulation (SSVM) (4S-SSVM) method. This approach
suppresses narrow pulses, lowers switching frequency, and re-
duces the amplitude of common-mode voltage (CMV). Lan [23],
[24] further analyzed why soft switching is more easily realized
with this method.

Last, for dc to ac conversion, Jin [25] and Hu [26] employed an
8-segment 8S-SSVM, which, while reducing current stress, de-
pends on specific timing arrangements leading to narrow pulses.
A novel approach with an additional duty cycle closed-loop
through current sampling was suggested to mitigate bias current
and reduce CMV [27].

Overall, the performance of HFLMCs depends on managing
current stress and ripple, ensuring proper HFT magnetic balance,
controlling CMV amplitude, and avoiding narrow pulses, all
while keeping implementation complexity and costs in check.
Although previous research has yielded continuous improve-
ments [6], [11], [12], [13], [14], gaps remain in covering all
essential performance aspects. In addition, many TDA methods
hinge on highly specific timing arrangements [18], [20], [25] or
apply solely to uncontrolled rectification modes [4], [20], [21],
[22], [23], [24], limiting their general applicability and leaving
certain facets of HFLMC performance underexplored.

Recent enhanced strategies have attempted to address these
shortcomings. For instance, while 6S-SVM introduces dc-
bias and thus severe current peaks and ripple, SSVM miti-
gates these issues and reduces switching frequency and CMV.
However, questions regarding cost, stability, and open-loop
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feasibility remain. Moreover, uncontrolled rectification topolo-
gies operating in discontinuous conduction mode (DCM) fall
short of dc–ac inverter requirements [22], [23], [24], [27]. Al-
though symmetrical 8S-SVM enables inverter functionality, the
TDA model employed is narrow in scope and lacks universal
applicability [25]. Very recently, Sun et al. [28] proposed a zero-
vector-reconfiguration based SVPWM for a high-frequency link
three-phase ac–dc converter, achieving ZVZCS soft-switching
and voltage spike suppression. Simultaneously, Rosas et al. [29]
introduced a novel modulation and control strategy for a quad-
active-bridge resonant-type single-stage three-phase ac-dc con-
verter, utilizing only unipolar switches and demonstrating ef-
ficient bidirectional active-reactive power transfer capability
for V2G applications. Nevertheless, these approaches still face
challenges in terms of application scope limitations, potential
implementation complexity, or the need for further validation
under broader operating conditions, leaving room for more
comprehensive solutions.

This article advances existing HFLMC modulation methods
to offer a more comprehensive and versatile solution. The key
contributions are as follows:

1) Introduces a Dual-Phase-Shift Coordinated Symmetrical
SVM (DPS-SSVM) strategy with enhanced comprehen-
sive performance, along with a novel method for correct-
ing three-phase distorted currents, and this method can
operate over a power factor (PF) range from 0 to 1.

2) Establishes a frequency-domain model supporting bidi-
rectional power transfer, extending SSVM theory to
arbitrary phase-shift angles and operating modes. This
overcomes the limitations of TDA-based approaches and
provides a universal modeling framework.

3) Achieves comprehensive performance enhancement, in-
cluding lower current THD, reduced switching frequency,
improved dc-bias suppression, halved CMV amplitude,
elimination of narrow pulses, and minimal controller CPU
utilization.

The rest of this article is organized as follows: Section II
introduces the dual phase-shift SSVM (DPS-SSVM) strategy
optimized by dual modulation indices for the HFLMC, detailing
its basics, symmetrical modulation, Fourier modeling, current
optimization, and simulation. Section III compares this strat-
egy’s performance against existing methods, focusing on current
suppression, THD, dc-bias, and common mode voltage (CMV)
reduction. Section IV provides experimental verification, includ-
ing THD statistics, inductor current comparison, and additional
benefits like switching actions and controller efficiency. Finally,
Section V concludes this article.

II. PROPOSED DUAL MODULATION INDICES STRATEGY FOR

HFLMC TOPOLOGY

A. Basic Rules of HFLMC

Building upon the foundational overview, this section delves
into the proposed dual modulation indices strategy for the
HFLMC topology. The HFLMC’s primary components include
a HFT and a 3-1MC. Each bridge arm of the 3-1MC comprises
two bidirectional switches, denoted as SxP and SxN, where x

TABLE I
DEFINITION OF SPACE CURRENT VECTOR

represents the phases (a, b, c). These bidirectional switches
consist of two IGBTs or MOSFETs connected in reverse series,
facilitating a high-frequency conversion pathway for alternating
current (ac).

The HFT is modeled with an energy storage inductor L and
an ideal voltage ratio N, interfacing the dc power supply or load
through an H-bridge circuit, as depicted in Fig. 2.

Table I outlines the definitions of the nine current vectors
associated with the 3-1MC. Given that the inductor current
is a high-frequency ac, the modulation process of the 3-1MC
can be effectively represented as two reverse-parallel CSCs.
This equivalence underscores the necessity of preventing open
circuits on the transformer side and ensures that the ac capacitor
(Cf) voltage remains unswitched. The switching functions of
each bidirectional switch are defined in (1), while the operational
constraints are detailed as follows:

SxY =

{
1, turn on
0, turn off

x = {a, b, c} , Y = {P,N} (1)

{
SaP + SbP + ScP = 1
SaN + SbN + ScN = 1

. (2)

The ideal output voltage of a three-phase symmetrical load is
as follows:

vg (t) =

⎡
⎣vga(t)vgb(t)
vgc(t)

⎤
⎦ = Vm

⎡
⎣ cos(ωt− ϕ)
cos(ωt− 2π/3− ϕ)
cos(ωt+ 2π/3− ϕ)

⎤
⎦ (3)

where ω represents the three-phase angular frequency, phase
angle θ = ωt is the angular displacement between the reference
current and α-axis. While θ ∈ (−30◦, 0), line to line voltage can
be expressed as[

vab
vac

]
=

√
3Vm

[
cos(θ − ϕ+ π/6)
cos(θ − ϕ− π/6)

]
. (4)

Based on the principle of SVM, a power frequency cycle
can be divided into 12 sectors. Fig. 3 illustrates that in SVM
modulation, each rotating reference current vector is composed
of two adjacent basic current vectors. The current path is selected
through a bidirectional switch, and the three-phase line voltage is
applied to the primary voltage (vp). Positive and negative current
vectors each occupy half of the modulation period to meet
the requirements of ampere–second balance. The subsequent
theoretical analysis in this article takes the 12th sector as an
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Fig. 3. Space vector synthesis relationship.

example (phase angle θ ∈ (−30◦, 0)), and the ampere–second
balance rule is as follows:

IrefTs = I1T1 + I2T2 + I0T0

T0 = Ts − T1 − T2. (5)

According to the vector synthesis rule, the duration of the
current vectors is calculated as

T1 = m1Ts sin (π/6− θ)

T2 = m2Ts sin (π/6 + θ)

T0 = Ts − T1 − T2 (6)

where m1 and m2 are the modulation indices of the main vector
I1 and the sub vector I2, respectively. In conventional strategies,
the modulation index use the same parameters m.

The secondary voltage (vs) is obtained by converting the dc
voltage through the H-bridge. The voltage difference between
the primary and secondary sides will be alternately applied to
the energy storage inductor L as the high-frequency switches
are turned ON and OFF. The 3-1MC controls different current
vectors, and the relationship between each branch current (ixp)
and the high-frequency inductor current (ip) is

(SxP − SxN ) · ixp = ip, x = {a, b, c}. (7)

The high-frequency current on the inductor is filtered by the
capacitor and outputs a three-phase current waveform.

B. Proposed Modulation Strategy

The modulation waveform combining SVM and PSM is
shown in Fig. 4, which represents the proposed DPS-SSVM
strategy in this article.

The secondary voltage is composed of four switches on the H-
bridge that undergo two phase-shifts. The variableφ1 determines
the phase-shift angle (primary phase-shift angle) of vs relative
to the beginning of the cycle (time t = t0), and φ2 determines
the internal phase-shift angle (secondary phase-shift angle) of
vs, which affects the duty cycle of the positive/negative voltage
in one switching cycle.

DPS-SSVM is fundamentally derived from the symmetri-
cal 4-Segment SVM (4S-SVM) used in ac–dc uncontrolled
rectification modes [22], [23]. Although the primary voltage
waveform maintains a similar form, this article introduces a dual
phase-shift mode on the H-bridge to accommodate the dc–ac
inverter functionality.

Fig. 4. Key waveforms and signals of DPS-SSVM modulation strategy.

Through frequency-domain modeling, the THD issues associ-
ated with SSVM in the dc–ac direction are identified. To mitigate
these inherent drawbacks, dual modulation indices (m1 and m2)
are optimized, significantly enhancing the overall performance
of the strategy.

Also, it is critical to maintain appropriate duty cycles for the
switch drive signals. Duty cycles that are too small or too large
can prevent the switch devices from responding correctly to
modulation commands, resulting in what are known as narrow
pulses. Narrow pulses can severely disrupt the normal operation
of the circuit. Specifically, when the duty cycle of a switch
signal is less than 3% of the switch period (Ts), it is classified
as a narrow pulse [13]. Fig. 5 illustrates the calculation results
of narrow pulse content across different modulation strategies,
with the modulation index (m) and phase angle (θ) serving as
independent variables.

C. Fourier Modeling of HFT

Variations in the two phase-shift angles can complicate the
classification and analysis when utilizing time-domain methods
for SVM modeling. As a result, many studies on SVM modeling
are constrained by specific temporal conditions. To address these
challenges, this article employs Fourier series to represent the
primary voltage and secondary voltage. This approach allows
us to bypass the complexities of TDA by relying solely on
trigonometric series expressions. Beginning at t= t0 as the cycle
reference point, the relevant definitions are as follows:

vp(t) =

∞∑
n=1,2,3

[ap(n) cos(nωst) + bp(n) sin(nωst)]
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Fig. 5. Narrow pulses occurrence area (colored part) related to modulation
index in sectors 12 and 1, with a narrow pulse threshold of 3% Ts. (a) Area
37.7% in [18], [20], [23], [25], [26]. (b) Area 10.1% in [13]. (c) Area 17.6% in
[11]. (d) Area 8% in this paper.

vs(t) =

∞∑
n=1,2,3

as(n) cos(nωst− nφ1)

+

∞∑
n=1,2,3

bs(n) sin(nωst− nφ1) (8)

where ωs is the switching angular frequency, and the Fourier
coefficients are calculated by the following:

ax(n) =
2

T

∫ t0+T

t0

vx(t) cos(nωst)dt

bx(n) =
2

T

∫ t0+T

t0

vx(t) sin(nωst)dt (9)

where x = {p, s}, and the results of each coefficient are[
as(n)
bs(n)

]
=

2Vdc

nπ

[
sin(n(π − φ2))

1− cos(n(π − φ2))

]
, n = 1, 3, 5, (10)

ap(n) = 0

bp(n) =
4
√
3

nπ
Vm sin

(nπ
2

)

×
(
sin(θ − ϕ) · sin(nπ2 m sin(θ − π

6 ))
+ cos(θ − π

6 − ϕ) · sin(nπ2 m cos θ)

)
. (11)

The voltage current relationship and periodic relationship of
the energy storage inductor (L) are

L · dip(t) = (vp(t)−Nvs(t)) · dt
ip(0) = − ip(Ts/2). (12)

The result of integrating the above equation to obtain the
inductor current (ip) is

ip(t) =
1

ωsL

∞∑
n=1

1

n
(An cos(nωst) +Bn sin(nωst))

TABLE II
SIMULATION AND EXPERIMENTAL PARAMETERS

[
An

Bn

]
= N

[
as(n) bs(n)
bs(n) −as(n)

]
·
[
sin(nφ1)
cos(nφ1)

]
+

[−bp(n)
ap(n)

]
(13)

where the bp(n) term including the power angle (ϕ) relationship
is only related to An, and the even order terms of ax(n) and bx(n)
are both 0. Subsequently, these analysis results can be rewritten
in phasor form (14). Thus, the expression for the peak current of
the inductor is obtained in (15), which facilitates performance
comparison with other modulation methods.

UP =
vp√
2
=

∞∑
n=1

bp(n) + jap(n)√
2

US =
vs√
2
=

∞∑
n=1

[
as(n)√

2
ej(

π
2 −nφ1) +

bs(n)√
2

e−jnφ1

]

IP =

∞∑
n=1

UP −NUS

jnωsL
=

∞∑
n=1

Bn + jAn√
2nωsL

(14)

Ipeak ≈
√
2 |IP | ≈

∞∑
n=1

√
B2

n +A2
n

nωsL
. (15)

Define inductor current reference value Ib and power refer-
ence value Pb in (16) to facilitate normalized comparison of
calculation results [13].

Ib =
4

π
·
√
3Vm

2ωsL
=

2
√
3Vm

πωsL

Pb =
4

π
·
√
3NVdc

2
· Ib = 12VmNVdc

π2ωsL
. (16)

The apparent power S and active power P in phasor form are
as follows:

S = UP IP

P = Re(S) =

∞∑
n=1

bp(n)Bn − ap(n)An

2nωsL
. (17)

Finally, the normalized expressions for the active power Pu

and peak inductor current Iu are as follows:

Iu = Ipeak/Ib, Pu = P/Pb. (18)

In the following analysis, we use the electrical parameters in
Table II.
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Fig. 6. Reference current vector curve (at Vdc = 60 V and φ1 =60°). (a) Unoptimized. (b) After m1 optimization. (c) After m1 and φ2 optimization.

Fig. 7. Current distortion caused by DPS-SSVM before optimization.
(a) Three-phase current. (b) THD harmonic analysis.

D. Fourier Modeling of the Three-Phase Current

After filtering the high-frequency inductor current (ip)
through capacitors, the three-phase currents can be represented
by the average switching period of the inductor current on the
corresponding path. Refer to (19) for the relationship of current
and the sum of three-phase current is zero.

〈ib〉Ts = −〈iab〉Ts =
−2

Ts

∫ t3

t2

ip(t)dt

〈ic〉Ts = −〈iac〉Ts =
−2

Ts

∫ t2

t1

ip(t)dt− 2

Ts

∫ t4

t3

ip(t)dt.

(19)

The current synthesis relationship is shown in (20), and the
expression (21) for each phase current can be calculated from
(19). Finally, the reference current polar coordinate diagram in
Fig. 6(a) was plotted accordingly. The calculation results are
consistent with the simulation. However, the unoptimized DPS-
SSVM strategy introduces a large amount of harmonic content,
especially the 5th and 7th harmonics, as shown in Fig. 7.

−→
i ref =

2

3

(
〈ia〉Ts + 〈ib〉Tse

j 2π
3 + 〈ic〉Tse

−j 2π
3

)
. (20)

By observing (10), (11), and (21), the absence of even-order
harmonic components [as the Fourier coefficients ax(n) and
bx(n) vanish for even n] and the fact that cos(nπ/2) equals zero
for all odd n, result in the correlation term Ancos(nπ/2) always
being zero. As a direct result, the contribution of An to (21) is

null.⎡
⎣〈ia〉Ts

〈ib〉Ts

〈ic〉Ts

⎤
⎦ =

−2

πωsL

∞∑
n=1

1

n2

(
An cos

(nπ
2

)
+Bn sin

(nπ
2

))

·
⎡
⎣ − sin(nπ2 m cos θ)

sin(nπ2 m sin(θ − π
6 ))

sin
(
nπ
2 m cos θ

)
+ sin

(
nπ
2 m sin

(
π
6 − θ

))
⎤
⎦ . (21)

Consequently, only An depends on the power angle (ϕ). This
demonstrates the independence and decoupling between ϕ and
the analytical model for the three-phase current (21). Therefore,
the analytical expression for the three-phase current holds for
any PF, implying that adjusting the system’s PF does not affect
its sinusoidal characteristics. Thus, we have theoretically proven
that the THD optimization method based on (21), proposed in
the next part, is consistently effective for the three-phase currents
at any PF.

E. Optimization Process of Distorted Current

HFLMC is suitable for distributed new energy scenarios such
as household PV and energy storage, and EV charging. To fun-
damentally address the issue of three-phase current distortion,
this study introduces targeted optimization techniques based on
dual vector modulation indices (m1 and m2) and dual phase-shift
coordination.

To explain this optimization approach, consider the distorted
currents shown in Fig. 7. At 0°, the B-phase and C-phase currents
should be equal to satisfy sinusoidal characteristics. However,
according to (21), a single modulation index m cannot satisfy
this condition. Therefore, this work proposes the introduction of
additional modulation indices to independently control the cur-
rent vector inputs. This enables control of the current amplitudes
and ensures that the theoretical model conforms to sinusoidal
characteristics. Modulation indices (m1 and m2) directly control
the current amplitude by governing the utilization rate and con-
duction duration of their associated current vectors, maintaining
their phase angle relationship with time.

To explore the relationship between physical phenomena and
mathematical modeling, m1 and m2 are represented by the
parameters T1 and T2, respectively. However, the introduction of
T1 and T2 as variables only affects the Fourier coefficient bp(n)
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Fig. 8. The proportion of each component of the switching frequency in the
Fourier series of three-phase current.

TABLE III
MULTIVARIABLE COORDINATED MODULATION FUNCTION

in the series expansion, which resides within the unrelated An

term. Consequently, by adjusting the upper and lower limits of
the integral in (19) to incorporate the variables m1 and m2, we
derive the Fourier series expressions for the three-phase current
in (22) —specifically, the closed-form solutions for individual
harmonic components—with corresponding amplitude ratios
depicted in Fig. 8.

Furthermore, Fast Fourier Transform (FFT) analysis of the
calculation data (see Fig. 8) reveals that the harmonic proportion
at switching frequencies of the 7th order and above is less than
1%. Thus, in subsequent calculations, only the 1st, 3rd, and
5th switching frequency components are included for equivalent
approximation.

ia(n, θ) = Cn sin
(nπ

2

[
m1 sin

(π
6
− θ
)
+m2 sin

(π
6
+ θ
)])

ib(n, θ) = −Cn sin
(nπ

2
m1 sin

(π
6
− θ
))

ia(n, θ) + ib(n, θ) + ic(n, θ) = 0 (22)

where Cn is the current amplitude coefficient composed only of
dc voltage and two phase-shift angles, expressed as follows:

Cn =
4NVdc

{
sin(nφ1)[1 + cos(nφ2)]− sin2(nφ2)

}
csc(nπ/2) · n3π2ωsL

. (23)

In order to correct the three-phase current modulated by
DPS-SSVM to a standard sine curve, a multivariable coordinated
modulation function was first defined, with the variables of this
modulation function presented in Table III. The ultimate goal
of this modulation function is to minimize THD as much as
possible.

The input parameters characterize the modulation state of
the circuit and directly determine the system’s operating point.
Time-varying parameters also influence the output of the de-
pendent variables. Using (22) as the analysis basis, this study
combines the following three mathematical conditions to elim-
inate the three-phase current THD.

1) Condition 1: When θ = 0, make the currents of B-phase
and C-phase equal to reduce the 5th and 7th harmonics.

∞∑
n=1,3,5

ib(n, θ = 0) =

∞∑
n=1,3,5

ic(n, θ = 0) (24)

From Fig. 7, it can be observed that the currents in phases B
and C are not equal at 0°. The Cn is affected by two phase-shift
angles, where the secondary phase angle (φ2) is the internal
phase angle used by the H-bridge to generate zero level, lead-
ing to a current circulation problem that reduces efficiency. In
addition, increasing φ2 extends the duration of the zero level,
which only reduces Cn and lowers the power output. The output
power in (17) can be adjusted by two variables that have a
greater impact, m and φ1. In summary, to improve efficiency
without reducing transmission power, the range of variation of
φ2 should be minimized. Therefore, φ2 plays only an auxiliary
role in correcting current THD. Consequently, the above con-
ditional equation can be simplified, considering the subsequent
calculation results, and φ2 can be set to a smaller average value
(10°).

Solving (24) yields, and the result is shown in Fig. 9(a).
The calculation formula for the surface after polynomial fit-
ting is provided in Appendix (A1). By substituting the dual
modulation indices results from (A1), the polar coordinates of
the three-phase output current amplitude under the DPS-SSVM
strategy are illustrated in Fig. 6(b). However, the amplitude of
the synthesized reference current vector still does not form a
standard circle, as its amplitude varies periodically every two
sectors (60°) and exhibits symmetry. Therefore, the optimiza-
tion approach for Condition 2 involves using the minimum
current amplitude within each sector as a baseline and reducing
excessive amplitude by adjusting the modulation variable (the
secondary phase-shift angle, φ2).

2) Condition 2: Increase the secondary phase-shift angle
when the amplitude of the reference current vector is large
to weaken the amplitude and shape the reference current
vector into a standard circle.

Taking the 12th sector as an example, the secondary phase-
shift angle should be set to 0 at the beginning of the interval
and reach its maximum value at the end of the interval. The
maximum value is directly determined by input parameters. For
the A-phase current, the following trigonometric relationship
(25) must be satisfied:

∞∑
n=1,3,5

ia

(
n, θ = −π

6
, φ2 = 0

)

= cos
(
−π

6

)
·
( ∞∑

n=1,3,5

ia(n, θ = 0, φ2 = φ2max)

)
. (25)



1304 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 1, JANUARY 2026

Fig. 9. Variable relationships in modulation functions. (a) The first condition output. (b) The second condition output. (c) The third condition output.

Fig. 10. Simulation results of three-phase current after optimization. (a) m =
0.6, φ1 = −60°. (b) m = 0.8, φ1 = −90°.

Solving for the surface (φ2max(φ1,m)) from (25) leads to the
result shown in Fig. 9(b). The approximate calculation formula
is provided in Appendix (A2).

3) Condition 3: With a constant synthesized current ampli-
tude as the objective, calculate the curve ofφ2 with respect
to the phase angle θ using a simple function.

The secondary phase-shift angle is a variable influenced by
a time-varying parameter (θ). Ensure that φ2 starts at 0 at the
beginning of the interval and reaches its maximum value at 0°.
A simple square root function in (26) satisfies this requirement,
and the final calculation result is shown in Fig. 6(c), where the
synthesized reference current closely approximates a standard
circle.

φ2(φ2max(m,φ1), θ) = φ2max(m,φ1) · (1− 6 |θ|/π)1/2.
(26)

F. Simulation and Verification

Following the theoretical optimization strategies outlined,
this section employs the optimized modulation function for
simulation verification to evaluate the THD performance of the
proposed method in this article.

Fig. 10 shows the current waveforms and THD simulation
results obtained after optimization. Fig. 11 illustrates the sta-
tistical THD outcomes of the DPS-SSVM strategy before and

Fig. 11. Statistical surface of current THD before and after optimization.

after optimization across various input parameters. The results
indicate that within the range of m from 0.3 to 0.8 and φ1 from
30° to 90°, the average THD decreased by 3.4%, achieving
an optimized value of 1.22%, with the maximum reduction
reaching 11.3%.

III. COMPARATIVE ANALYSIS OF PERFORMANCE

A. Modeling of Existing Mainstream Modulation Strategies

The modulation strategy proposed in this study demonstrates
strong performance across various aspects. For comparative
analysis, three strategies for the primary voltage have been
selected here which are labeled as SVM1 [4], [5], [18], SVM2
[20], and SVM3 [13]. The key waveforms for each method at
the 12th sector are illustrated in Fig. 12.

The current vector relationships of these three SVM strategies
follow the vector synthesis rule (6), and utilize the same modula-
tion index m. The timing relationships for SVM1 and SVM2 are
defined in (27) and (28), respectively. SVM3 modifies the zero
vectors of SVM2 to address the THD issue, as shown in (29)
[13]. The common point of these methods is that it is difficult
to solve the exact three-phase current analytic formula in the
time domain, because the primary voltage is time-varying and
the phase-shift angle is undetermined.{

T1(SVM1) = 2 · (t1 − t0) = 2 · (t4 − t3)
T2(SVM1) = 2 · (t2 − t1) = 2 · (t5 − t4)

(27)

{
T1(SVM2) = 2 · (t1 − t0) = 2 · (t5 − t4)
T2(SVM2) = 2 · (t2 − t1) = 2 · (t4 − t3)

(28)
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Fig. 12. Several mainstream SVM modulation strategies.

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

T1(SVM3) = 2 · (t1 − t0) = 2 · (t5 − t4)
T2(SVM3) = 2 · (t2 − t1) = 2 · (t4 − t3)

T01(SVM3) = (Ts − t5 + t0) = Ts

(
1
2 + m√

3
sin(θ − π

3 )
)

T02(SVM3) = (t3 − t2) = Ts

(
1
2 − m√

3
sin(θ + π

3 )
) .

(29)

Using Fourier series expansion, these three SVM modulation
strategies can be analyzed consistently. Taking SVM1 as an
example, the calculation process begins with determining certain
variables in the HFT, as outlined in (30). The Fourier coefficients
are directly derived using the definition formula in (31).

For the secondary voltage, the Fourier coefficients in (32)
are obtained by setting the secondary phase-shift angle to zero
in (10). The current series in the time domain is represented
by (33).

v1p(t) =

∞∑
n=1,2,3

[a1p(n) cos(nωst) + b1p(n) sin(nωst)]

v1s(t) =

∞∑
n=1,2,3

a1s(n) cos(nωst− nφ1)

+

∞∑
n=1,2,3

b1s(n) sin(nωst− nφ1) (30)

a1p(n) =
2

Ts

[∫ t1

t0

Vab cos(nωst)dt+

∫ t2

t1

Vac cos(nωst)dt

+

∫ t4

t3

Vba cos(nωst)dt+

∫ t5

t4

Vca cos(nωst)dt

]

b1p(n) =
2

Ts

[∫ t1

t0

Vab sin(nωst)dt+

∫ t2

t1

Vac sin(nωst)dt

+

∫ t4

t3

Vba sin(nωst)dt+

∫ t5

t4

Vca sin(nωst)dt

]
(31)

Fig. 13. The calculation results of HFT voltage and current, under m = 0.8
and primary phase-shift angle =-60°.

[
a1s(n)
b1s(n)

]
=

2Vdc

nπ

[
sin(nπ)

1− cos(nπ)

]
=

4Vdc

nπ

[
0
1

]
, n = 1, 3, 5,

(32)

i1p(t) =
1

ωsL

∞∑
n=1

1

n
[A1n cos(nωst) +B1n sin(nωst)]

[
A1n

B1n

]
= N

[
a1s(n) b1s(n)
b1s(n) −a1s(n)

]
·
[
sin(nφ1)
cos(nφ1)

]

+

[−b1p(n)
a1p(n)

]
. (33)

Finally, the expressions for active and inductor peak currents
in phasor form, as shown in (34), are used to calculate the
normalization results.

P1 =
∞∑

n=1

b1p(n)B1n − a1p(n)A1n

2nωsL
,

I1peak ≈
∞∑

n=1

√
B2

1n +A2
1n

nωsL
. (34)

Referring to Table II, the parameters for each SVM strategy
and the proposed strategy are calculated, with the proposed
strategy labeled as “Proposed” post-optimization and “DPS-
SSVM(pre)” preoptimization. To demonstrate the Fourier series
approximation principle, fifty times switching frequencies were
superimposed, and the results are presented in Fig. 13.

B. Suppression of Peak Inductance Current

Following the verification of the calculation results, a perfor-
mance comparison analysis is conducted based on the developed
models.

Fig. 14 shows that the normalized maximum power points
of other modulation strategies are around 1, while SVM1, due
to its unique sorting method, has a nonzero a1p(n) coefficient
and can carry greater power during the switching period. In
contrast, due to the secondary phase-shift angle and a smaller
main vector modulation index in DPS-SSVM, the peak power
slightly decreases, achieving a normalized value of 0.852. In
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Fig. 14. The relationship between normalized output power and primary
phase-shift angle at m = 0.8.

Fig. 15. The relationship between normalized peak current (squared) of in-
ductor and the first phase-shift angle (when m = 0.8).

Fig. 16. The relationship between normalized peak current (squared) of in-
ductor and normalized output power (when m = 0.8).

addition, the maximum power point of the primary phase-shift
angle shifts from 90° to 96° (the offset angle is half of the
additional secondary phase-shift angle). At primary phase-shift
angle of 60°, the output power decreases to about 85% of the
preoptimization level compared to DPS-SSVM (pre).

Fig. 15 demonstrates that the proposed strategy in this article
results in lower current stress at the same phase-shift angle,
with current stress at 60° being approximately 69% of that
observed in other methods. Furthermore, Fig. 16 shows that the
DPS-SSVM optimization method achieves a normalized power
range from 0 to 0.852. The calculation results indicate that when
the normalized power (Pu) is below 0.8, the peak inductance
current of the proposed strategy is the smallest, particularly at
light loads where peak current suppression is more pronounced.
For instance, at Pu = 0.71, the peak current of the proposed
method is about 85.7% of that of SVM2,3 methods, and at
Pu = 0.3, it is reduced to 69%. After Pu>0.6, the peak current
of SVM1 is lower, but its THD is really poor (as discussed
below).

Fig. 17. The simulation results of A-phase current for different SVM strategies
(m = 0.8, Primary phase-shift angle=-60°). (a) SVM1 (The value is divided by
4 to facilitate the display of the waveform), SVM2 and SVM3. (b) DPS-SSVM
method before and after optimization.

C. Performance Metrics: Current THD, DC-Bias, and
Low-Frequency Current Ripple

1) THD Performance: Verification through Matlab/
Simulink simulation provides a comprehensive analysis of
A-phase current, focusing on THD, as shown in Fig. 17. The
simulation results indicate THD values of 18.31% for SVM1,
4.98% for SVM2, 3.29% for SVM3, with the DPS-SSVM
strategy showing 11.07% before optimization and significantly
reducing to 0.84%.

2) Reduction of DC-Bias and Current Ripple: Beyond THD,
the reduction of dc-bias and current ripple is another critical
aspect of performance. Given that the three-phase voltage cannot
be assumed constant over a short switching cycle, the changing
line voltage in (35) impacts the volt–second balance of the
transformer, leading to varied dc-bias levels across different
strategies [22].

Vp =

{
±vab = ±√

3Vm cos(ω(t+Δt) + π/6)

±vac = ±√
3Vm cos(ω(t+Δt)− π/6)

. (35)

This imbalance in voltage across the power inductor results
in an offset of inductor current (which cannot reset within one
cycle), causing significant fluctuations in the three-phase voltage
cycle, as illustrated in Fig. 18.

When assessing dc-bias, the variable ΔSdc defined in (36)
represents the integral sum of primary voltage over each switch-
ing cycle, correlating directly with the slope of the dc-bias cur-
rent: This analysis demonstrates that the proposed DPS-SSVM
strategy not only excels in reducing THD, but also effectively
minimizes dc-bias and current ripple, ensuring a more stable and
efficient operation across different load conditions.

� Sdc =

∫ TS/2

−TS/2

vp(t)dt. (36)

Based on (35) and (36), calculations of the volt–second inte-
gration for different strategies are shown in Fig. 19. Notably,
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Fig. 18. Schematic diagram of DC-bias problem caused by volt-second im-
balance in inductor current. (a) The situation where the volt-second integral is
always positive (b) The situation where the volt-second integral maintains zero
axis balance.

Fig. 19. Integration result of the primary voltage in sectors 12 to 1.

the dc-bias for SVM1 and the unoptimized strategy in this
article (SSVM) can be considered negligible, while for SVM2
and SVM3, the remains consistently positive. The optimized
DPS-SSVM strategy presents a balanced approach where the
integral first dips negative then rises positive, averaging at zero.
The maximum amplitude here is only one-third of that seen in
SVM2 and SVM3.

This approach nearly guarantees a dynamic balance in volt–
seconds over a 60° period, effectively reducing dc-bias and
minimizing low-frequency current ripple. Integrating the ΔSdc

over a 60° interval (3.33 ms), the integration results for SVM1
to SVM3 are 0.1649, 3.1604, and 3.1542, respectively, while
the results before and after optimization for the method in this
article are 0.1619 and 0.1041, measured in V·μs·rad.

D. Reduction of CMV

CMV significantly impacts the electromagnetic compatibility
performance of converters. Numerous studies have addressed the
CMV issues in three-phase inverters and HFLMCs [22], [27].
The definition of CMV is provided as follows:

VCMV =
1

2
[(vup − vo) + (vdn − vo)] =

1

2
(vupo + vdno). (37)

Within the phase angle range of the 12th sector, the possible
values of CMV are simplified as shown in (38), the first two
levels correspond to the CMV generated by the main and sub
vectors, while the last three levels correspond to the CMV

Fig. 20. Schematic diagram of CMV amplitude introduced by different SVM
strategies. (a) SVM1 and [11], [18], [19], [22], [25], [26]. (b) SVM2, SVM3,
[13], [20], [22], [27] and this paper.

Fig. 21. Experimental platform.

produced by the three zero vectors

|VCMV| = 1

2

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

|va + vb| <
√
3Vm

/
4

|va + vc| <
√
3Vm

/
4

|va + va| ∈ [0.5Vm, Vm]
|vb + vb| < 0.5Vm

|vc + vc| < 0.5Vm

. (38)

Clearly, the CMV amplitude associated with the main and
sub vectors is smaller. The CMV of the zero vector I7(Vaa) is
twice that of the other zero vectors. Therefore, when calculating
the CMV amplitude for different strategies, only the selection
of their zero vectors needs to be considered. According to the
statistical data, the CMV amplitude caused by various strate-
gies is indicated by the black arrow in Fig. 20. The proposed
method introduces a CMV that is only 50% of the phase voltage
amplitude, demonstrating superior performance.

IV. COMPARATIVE EXPERIMENTAL VERIFICATION

A. Statistics of Total Harmonic Content (THD) of Current

To validate the effectiveness of the proposed strategy, an
experimental prototype of a three-phase approximately 110 V
(RMS)/48 Ω/50 Hz HFLMC was constructed, as shown in
Fig. 21. The system operates in inverter mode using IGBTs
and the parameters are listed in Table II. A single DSP was
employed to manage the modulation process. The parameters
received by DSP are: index m, the first phase-shift angle, and
other parameters can be initialized through equations.
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Fig. 22. Proposed DPS-SSVM experimental results at three-phase Vm = 140±5 V/48 Ω/50 Hz. (a) m=0.4 and Primary phase-shift angle=-90°. (b) m =0.6 and
Primary phase-shift angle=-45°. (c) m =0.8 and Primary phase-shift angle=-90°.

Fig. 23. FFT analysis of A-phase voltage in inverter experiment under 9 groups
of input parameter combinations.

Fig. 22 presents the experimental results under various input
parameters, specifically modulation index m and primary phase-
shift angle. Subsequently, Fig. 23 displays the FFT analysis and
statistics of A-phase voltage waveforms across nine different
input parameter combinations: m(0.4, 0.6, 0.8) × φ1(−45°,
−60°, −90°) in inverter mode, which is carried out at the rated
power of 800 W. The average THD observed across these nine
working points is 1.687%, demonstrating the effectiveness of the
proposed strategy in reducing harmonic distortion. In addition,
we also tested the A-phase current and FFT analysis under the
same output voltage (100 Vrms) and different loads, as shown in
Fig. 24. For the 2% zero order component, the main reasons are:
the parameters of the three-phase high-frequency filter capacitor
are not strictly symmetrical, with ESR, and the load resistance is
asymmetric. In addition, the difference in the propagation delay
of the drive circuit (ns level) may lead to inconsistent dead time.

B. Comparison of Current of Inductors

For further experimental verification, this article compares
the proposed DPS-SSVM strategy with two other well-regarded
modulation strategies, SVM2 (known for improved THD) and

Fig. 24. Variable load test of three-phase 100 Vrms inverter experiment under
48 Ω × 3, 96 Ω × 3 and 167 Ω × 3. (a) Experimental data of A-phase current.
(b) FFT analysis of experimental data of A-phase current.

SVM3 (further enhanced according to [13]). Under identical
input parameters and load conditions, the experimental results
are presented in Fig. 25.

In this comparison, considering low-frequency current ripple,
the peak-to-peak current across a three-phase cycle for SVM2
was 55 A, for SVM3 it was 60 A, whereas the DPS-SSVM
strategy only reached 43 A, showing no pulsation. At the smaller
scale of switching cycles, the peak-to-peak currents for SVM2,
SVM3, and DPS-SSVM were 48 A, 47 A, and 40 A, respectively.

The peak current at the switching cycle scale for the pro-
posed DPS-SSVM is approximately 84% of the other strate-
gies, aligning with theoretical expectations. Moreover, due to
the effective elimination of dc-bias, the peak value over the
three-phase periodic scale is reduced to between 72% and 78%
of SVM2 and SVM3. Hence, regardless of whether considering
the scale of switching cycles or three-phase cycles, compared to
the improved method SVM2 and SVM3, the method proposed
herein consistently achieves the lowest current peaks.

C. Performance Metrics: CMV Test Results, THD, Efficiency,
and Number of Controllers

1) CMV Test: The experimental results in Fig. 26 prove
that the DPS-SSVM strategy avoids the application of high
amplitude zero vector, thus reducing the CMV amplitude to half
of the phase voltage amplitude. Compared with the traditional
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Fig. 25. Output waveforms of different strategies under input parameters (m =0.8 and Primary phase-shift angle =−60°) at three-phase Vm =
130±5 V/48 Ω/50 Hz. (a) SVM2 low-frequency scale. (b) SVM3 low-frequency scale. (c) DPS-SSVM low-frequency scale. (d) SVM2 high-frequency scale.
(e) SVM3 high-frequency scale. (f) DPS-SSVM high-frequency scale.

Fig. 26. Common mode voltage test results (at about 120 Vrms, 900 W).

TABLE IV
EXPERIMENTAL THD COMPARISON

strategy, the SSVM strategy can avoid using the zero vector with
larger common mode amplitude [22].

2) THD Performance: Fig. 27 presents the FFT analysis of
the A-phase voltage experimental data, showing that even among
strategies optimized for THD, the DPS-SSVM proposed here,
based on an optimized modulation function, achieve notably
lower THD even in an open-loop scenario. When compared
against the experimental results of other strategies listed in
Table IV, the average THD from DPS-SSVM experiments

Fig. 27. THD comparison of A-phase voltage experimental data.

TABLE V
COMPARISON OF CONTROLLER QUANTITY

is only 1.687% (Wide range modulation parameters at rated
power).

3) Efficiency: The efficiency of the three modulation strate-
gies is measured on the same IGBT-based experimental pro-
totype with the same parameters, and the results are shown in
Fig. 28. The observed improvement in system efficiency may
be a beneficial by-product of the proposed THD optimization
strategy. Reducing harmonic distortion usually helps to reduce
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TABLE VI
PERFORMANCE SUMMARY OF DIFFERENT MODULATION STRATEGIES FOR HFLMC TOPOLOGY

Fig. 28. Efficiency estimation of different strategies under the same experi-
mental prototype.

conduction losses and harmonic related losses in power com-
ponents. In addition, the calculation results of (15) and Fig. 16
together with the experiment (see Fig. 25) prove that DPS-SSVM
can effectively reduce the peak and RMS current, and maintain
a good magnetic balance effect. It can be observed from Fig. 25
that the waveform of DPS-SSVM reduces high-frequency noise,
reflecting the reduction of switching loss to a certain extent.
These improvements are helpful to reduce the copper loss and
magnetic loss of the circuit conduction.

4) The Number of Control Chips in the Controller: Despite
the complexity involved in implementing the DPS-SSVM strat-
egy, the experimental setup utilized only a single DSP chip
(TMS320F28377D). This is a significant advantage compared
to other methods, as detailed in Table V. The SSVM layout
can be efficiently implemented in a DSP using up–down count-
ing mode comparators, enabling precise current commutation
with just one DSP. In contrast to other studies, this approach
eliminates the need for an additional FPGA module, thereby
substantially reducing control costs and simplifying the overall
system architecture.

V. CONCLUSION

This study introduced a DPS-SSVM strategy utilizing FDA
to optimize THD through dual modulation indices. The overall
experimental comparison is shown in Table VI.

By developing a FDA model with Fourier transforms, we
effectively addressed the complexities associated with TDA,

enhancing the universality and adaptability of HFLMC mod-
ulation models. The proposed DPS-SSVM strategy, which in-
corporates dual modulation indices and dual phase-shift angles,
successfully mitigates the dc-bias issues inherent in traditional
modulation methods. This leads to significant reductions in
current stress and ripple, elimination of narrow pulses, and
balanced dc-bias. Experimental validation was conducted using
a three-phase 800 W HFLMC prototype, demonstrating that
DPS-SSVM achieves an average THD of 1.687%, lowers peak
inductance currents to 84% on the switching cycle scale and
72-78% on the grid cycle scale, reduces CMV by 50%, and mini-
mizes narrow pulse content compared to mainstream modulation
strategies. These results confirm the theoretical predictions and
underscore the practical advantages of DPS-SSVM in enhancing
the performance and reliability of single-stage isolated convert-
ers in low-voltage applications.

APPENDIX

The polynomial expressions of the two dependent variables
in the modulation function are shown in (A1) and (A2), which
are the result of series approximation, where the angles are both
degrees

m1(m,φ1) =⎛
⎜⎜⎝
−3.9× 10−2 + 0.715m− 2.65× 10−3φ1 + 0.271m2

+3.85× 10−2mφ1 + 5.85× 10−5φ2
1 − 0.037m2φ1

−5.3× 10−4mφ2
1 − 5.85× 10−7φ3

1 + 3.4× 10−4m2φ2
1

+1.24× 10−6mφ3
1 + 4.45× 10−9φ4

1

⎞
⎟⎟⎠

(A1)

φ2max(φ1,m) =⎛
⎜⎜⎝
12.18 + 0.98φ1 − 119m− 0.05φ2

1 − 0.12φ1m
+224.5m2 + 6.5× 10−4φ3

1 + 0.07φ2
1m− 4.6φ1m

2

−1.23m3 − 3.29× 10−6φ4
1 − 1.66× 10−4φ3

1m
−0.04φ2

1m
2 + 4.66φ1m

3 − 134.4m4

⎞
⎟⎟⎠

(A2)
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