IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 10, OCTOBER 2025

14881

A Full-Range ZVS Comprehensive Control Strategy
for Dual-Port LLLC Induction Heating System
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Abstract—The full-range zero voltage switching (ZVS) compre-
hensive control strategy is proposed for a high-power dual-port
LLLC induction heating system which allows the system to oper-
ate efficiently across the entire power range. Under heavy load,
a novel dual-phase-shift (DPS) control strategy is proposed in
this article. Using time-domain analysis, the minimum circulat-
ing current curve and the ZVS range under DPS conditions are
derived. The optimal phase-shift angle relationship is determined
by combining the minimum circulating current and the full-range
ZVS region. However, under DPS control, the minimum output
power is one-quarter of its full load capacity due to the lack of
internal phase-shift in inverter II. To overcome this limitation, a
frequency-doubling pulse frequency modulation (FD-PFM) control
strategy is proposed under light load. Frequency-doubling control
is implemented through time-division multiplexing between the
two inverters, which enables the resonance circuit frequency to
be doubled without altering the switching frequency of each in-
verter. The FD-PFM approach facilitates a faster response to power
variation with frequency, enabling the system to adjust power in a
narrower frequency range. This enables smooth, wide-range power
adjustment across the entire system and ensures ZVS operation
across the full power range. A 14 kW prototype was developed, and
the experimental results align closely with the theoretical analysis.

Index Terms—Dual-phase-shift (DPS), frequency-doubling
pulse frequency modulation (FD-PFM), full-range zero voltage
switching (ZVS), induction heating (IH).

1. INTRODUCTION

INDUCTION heating (IH) systems are widely used in both
household and industrial heat treatment applications, owing to
their numerous advantages, including high efficiency, environ-
mental friendliness, flexible control, and rapid heating rates
[1]. In industrial applications, the power required by IH power
supplies is typically large. Moreover, the output power of the
heating system must be adjustable within a specific range to
ensure effective control of the workpiece heating temperature
(2], [3].

Methods for increasing the capacity of IH power supplies cur-
rently include the parallel connection of multiple power switches
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and inverter parallel configurations with high-frequency trans-
formers on the load side [4]. To enhance the output capacity of
high-frequency power modules, the parallel connection of multi-
ple power switches is a commonly adopted approach [5]. How-
ever, prolonged parallel operation of multiple power switches
may result in issues such as device drive desynchronization,
uneven current distribution, and potential device failures [6], [7].
In addition to increasing power through the parallel connection
of multiple switches, large power output can also be achieved
by paralleling multiple modules and loads [8]. A topology for
a multi-phase IH system is proposed in [9], in which multi-
ple current-type resonant inverters utilize a phase-shift angle
coordination control method to enable multicoil power supply
and large power output. In [10], a system involving multiple
voltage-source half-bridge inverters connected in parallel is
proposed. However, the use of a half-bridge configuration and
an LC resonant circuit limits the system’s ability to output high
power. A phase-angle control method in a zone control induction
heating (ZCIH) system is introduced in [11], the system consists
of separate working coils and multiple inverters. The ZCIH
system controls the current amplitude of each coil to ensure
uniform temperature distribution across the workpiece, however,
the coupling between the load coils complicates independent
power control for each inverter. In [12], a multiphase resonant
inverter system that incorporates multiple coupled coils for TH
applications was proposed. The system employs a phase-shift
control strategy for power regulation. However, the use of
half-bridge inverters limits the system’s capacity to deliver high
power, and mutual interference between the coils complicates
its performance.

In high-frequency, high-power resonant systems, reducing
switching losses and minimizing low electromagnetic interfer-
ence noise can significantly enhance system efficiency. There-
fore, achieving zero voltage switching (ZVS) for the power
switches is particularly crucial [13]. However, the ZVS operation
range of system is narrow during power control, especially in
systems with multiple inverters operating in parallel. There-
fore, achieving ZVS during parallel power control of multiple
inverters remains a critical area of research [14]. Mainstream
control strategies for IH systems include phase-shift modula-
tion (PSM) [15], pulse-frequency modulation (PFM) [16], and
pulse-density modulation [17]. PFM control is associated with
an inherent technical issue: the limitation of switching frequency
at medium to low output power levels [18], which restricts
the ability to achieve a wide range of power regulation for
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Fig. 1.

Circuit diagram of the dual-port LLLC Topology.

the IH load. In contrast, PSM control is characterized by a
narrow soft-switching range during power adjustment [19]. An
asymmetrical voltage-cancellation control control method, pro-
posed in [20], resolves the issue of the narrow soft-switching
range during the phase-shift process, however, it results in
a higher turn-OFF current, thereby increasing overall power
losses. In [8], an IH power supply system composed of mul-
tiple inverters connected in parallel was proposed. The system
employs an adjust pulse density modulation (APDM) control
strategy for power regulation, enabling full-range ZVS oper-
ation, however, under light load conditions, the APDM con-
trol strategy may cause intermittent current. In [21], a sys-
tem employing two half-bridge resonant inverters in paral-
lel is introduced to enhance output power, the power regu-
lation of the system is achieved through a dual-pulse mod-
ulation strategy. However, at lower power levels, circulating
currents gradually increase, leading to a reduction in system
efficiency.

To achieve both high-power output and full-range ZVS oper-
ation with high efficiency, a comprehensive full-range ZVS con-
trol strategy for high-power LLLC IH system is proposed in this
article. Under heavy load conditions, a novel dual-phase-shift
(DPS) control strategy is employed, frequency-doubling pulse
frequency modulation (FD-PFM) control strategy is applied for
light load conditions. The DPS strategy involves phase-shifting
between the two inverters as well as between the diagonal power
switches of inverter I. The proposed comprehensive control
strategy ensures full-range ZVS operation across the entire
power range, thereby optimizing system efficiency. The rest
of this article is organized as follows. Section II introduces
the topology resonant circuit parameters, and operating modes
of the dual-port LLLC IH systems. Section III describes the
implementation of a novel DPS strategy and the achievement
of full-range ZVS. Section IV describes the principle of FD-
PFM strategy. Section V validates the proposed control strategy
through experimental results. Finally, Section VI concludes this
article

II. DPS DUAL-PORT LLLC TOPOLOGY AND PRINCIPLE
A. Dual- Port LLLC Topology

Fig. 1 illustrates the topology of the dual-port LLLC IH
system. The dual-port LLLC resonant circuit is composed of
two identical matching inductors L; and Ly , a load coil Ly,
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Fig. 2. Waveform of the output voltage and current of the two inverters.

and a matching capacitor Cy. Ry representing the equivalent
resistance of the load coil.

The equivalent impedance expression of the dual-port LLLC
resonant circuit is given by

1 1
7 = - , +— ,
]wC() + ]./(]OJL() + R()) 1/ij1 + ]./jOJLQ

2Lo + Ly
=] T 2
“ ColLoln )

The quality factor Q of a resonant circuit is defined as

)]

where L1 = L2

L 1 2Lo + L1)Lo?
Q= Wobo _ L (2Lo + L1)Lo” 3)
Ry Ry CoLoLy

The inductance matching coefficient 5 of an LLLC resonant
circuit is defined as

B = Li/Lo. “)

In the case of no phase-shift, the initial phase angle difference
0 between the output voltage and current of a dual resonant
inverter is given by

0 = arctan (22—226> . (©)

B. Analysis of Operating Modes

The operating waveforms of the DPS LLLC IH system are
presented in Fig. 2. In this figure, 6, denotes the phase angle
between the output voltage and current of inverter I, 65 represents
the phase angle between the output voltage and current of
inverter II, ¢, refers to the internal phase shift angle of inverter
I, and ¢ indicates the phase shift angle between inverter I and
inverter II. The output power regulation is achieved by adjusting
the phase shift angles ¢; and¢,.
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Fig. 3. Frequency domain equivalent circuit based on fundamental frequency
AC voltage source.

III. IMPLEMENTATION OF DPS CONTROL STRATEGY AND FULL
RANGE ZVS

A. Voltage-Current Frequency Domain Analysis of DPS
Control

Ignoring the dead-time and edge resonance interval, the fun-
damental components of the output voltages U,, and U.; of
inverters I and ITin Fig. 1 can be expressed using a Fourier series
as follows:

{Uabl = 4 cos(G) sin (w(t — g, /2))

Usar = W sin ((t — t42)) ©

where w = 27 f, and fsrepresents the switching frequency

. (7

U1 =V Cos(%)e’j%1
Ucdl = Veijqbz

V =2V2V,/T. ®)

Fig. 3 shows the equivalent circuit in the frequency domain
for the fundamental component. and represent the fundamen-
tal components of the square wave voltage (complex vectors),
respectively.

By applying the superposition principle to the equivalent
circuitin Fig. 3, the current phasors /; and /5 of the two resonant
circuits can be expressed as follows (9) shown at the bottom of
this page.

As shown above, the current magnitude and phase, and
thereby the power, can be adjusted by changing the dual phase-
shift.

Fig. 4 shows the equivalent circuit of the system derived by
Thevenin’s theorem, where the system’s equivalent ac voltage
phasor Uy can be defined as follows:

Uy = <V cos <¢;1> eI 4 V6'7¢2) /2. (10)
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Fig. 4.

Equivalent circuit diagram.

The equivalent impedance Z is given by

Z = jwlL/2 (11)

whereL = L1 = L.
The inductive heating load current Iy can be obtained from
Fig. 4

Iy=1 6y = 00 (12)
Z+Zy
*  V(2Q—j(2+8))(cos(p2)+cos(GL)[cos( G ) —sin(GL)] —sin(¢2))
To = QRoB?
{Lo = %;[q =1Ly = Q?JOB;CO = Q?ng
(13)

The output voltage of the inverter bridge is denoted as Uy,
while the voltage across the load resonant capacitor is U,. The
voltage gain of the LLC resonant load is given by, (14) show at
the bottom of the next page

When w = wq , Hy,(wp) is

Hy(wo) = =(2+2jQ)/B. 15)
Whenw = wy , the phase angle of the voltage gain is
-2
(p,, = arctan < 2?ﬁ/ﬂ> =Y —g. (16)

From (16), it can be observed that the resonant capacitor
voltage U, always lags behind the inverter output voltage U,
in phase. At w = wy, the phase difference ¢,, is approximately
—90°. Moreover, the phase difference ¢,, exhibits a monotonic
changing near wq. Therefore, during phase-locked loop(PLL)
control, ¢,, should be chosen as the control variable.

At the resonant frequency, the capacitive voltage U, and
equivalent supply voltage Uy of the system maintain a constant
90° phase difference. However, Uj cannot be directly utilized
for PLL, the capacitive voltage U. and the voltage U.q of
inverter II are employed for PLL implementation. As shown

I, =

V (—jcos(¢p1)+sin(¢1))(Acos ((1;—1)2+B cos(¢2)+Ccos[%] sin[%}JrD sin(¢2)

o.J(leR0+jL2Rof2wL0L1;leLg7jw2C0L1L2R0+w3C0LOL1L2)
- V(cos(q52)+jsin(q&z))(Ecos(d)Tl) +Fcos(¢2)+Gcos[%1]sin[(g—l]-&-Hsin(qbz)

I =

w(GLiRo+jLaRo—2wholi—wliLa—jw2CoL1 LaRo+@3CoLoLiLa)

A=jRy—wLy—wlLy — jw200L2R0 + w3C()L0L2; B=—jRy+wLg; - )
C=Ry+ jwLy+ jwLy — w2CQL2R() — jw3C’oL0L2; D =—-R— jwlg

E = —Ry — jwLo; F = Ry + jwlLo + jwLi — w?*CoL1 Ry — jw?CoLoLy;

G = ]RO — wLo; H = —jRo + wLo + OJLl +jw200L1R0 — UJSC()L()Ll;
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in Fig. 5(a), U,y represents the fundamental output voltage
vector of inverter I, while U,4; corresponds to the fundamental
output voltage vector of inverter II. Since inverter Il operates
without internal phase shifting, U.41 consequently remains in
phase with U 4. The phase angle between U, and U .4 is given by
90° — (¢2 — 7). The PLL synchronization requires

(X:90—(¢2—041). (17)

In this formula, oy represents the angle of the IH system’s
equivalent voltage Uy, and « is the angle between the capacitor
voltage U, and the output voltage U.4 of inverter II. There-
fore, maintaining the relationship in (17) during the phase shift
process serves as the phase-locking condition.

Fig. 5(b) presents the block diagram of the PLL, which
comprises a phase detector (PD), a low-pass filter, and a voltage-
controlled oscillator [22]. The inputs to the PD are the capacitor
voltage U, and the output voltage U4 of inverter II.

B. Calculation of the Circulating Current

The circulating current /., can be expressed as shown in the
equivalent circuit in Fig. 4

Uabl - Ucdl hy

I = Zedl _ 7T, (18)
27,

whereZ, = Z1 = Zs, the value of the circulating current can
be calculated as follows:

2
1 = = S
+ Jcos(¢p1 — ¢2) + K cos[2(¢p1 — ¢2)]
+ Lcos(2¢1 — ¢2) + M cos(d2) + NQB)%
G=—4-4Q° 26— p°
H =28+ B%1=2+2Q% J = 2+2Q>+28; K = 2+2Q>

(G + H cos ¢y + I cos(p1 — 2¢2)
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Fig.6. Variation of circulation with phase shift angle. (a) Relationship between
circulating current and dual-phase-shift. (b) Optimal circulating current curve.

L=1+Q*+B;M=3-3Q*-33; N =-2sin(¢1 —¢2)
+ sin(2¢1 — ¢2) — sin(¢ps) (19)

where (19) defines the value of the circulating current /.. When
Q = 15 and 8 = 10, the circulating current varies with the phase
shift angle, as shown in Fig. 6(a).

Fig. 6illustrates the variation of circulating current magnitude
with phase shift angles ¢, and ¢2. As seen in Fig. 6(a), the
circulating current reaches a minimum when the phase-shift
angles satisfy a specific relationship. The projection of this
minimum circulating current curve onto the plane of the two
phase-shift angles is shown in Fig. 6(b), with the corresponding
curve relationship described by

@1 = 0.8857¢s. (20)

When the two phase-shift angles satisfy the relationship de-
scribed by (20), the circulating current of the entire system
operates at its minimum state.

C. Calculation of Power

Based on (9), show at the bottom of this page, the output
powers P; and P, of inverters I and Il are given by the following
formulas:

V2cos(%) (Q cos(GHQ cos (& ($1-202) Jisin( (¢1-22)) )

b= QRyp3?
P, — V2(20+Q cos(¢1=¢2)+0 cos(6s)—sin(¢1 —d2)+sin(¢2))
2 2QRop?
21
PO :Pl +P2;Pmax :2V2/Rﬂ2;Pmin
=V?/2RB3? = 0.25Pyax. (22)

Here, P; represents the output power of inverter I, P, repre-
sents the output power of inverter II, P is the total output power
of the system, P,y 1S the maximum output power, and Puin

is the minimum output power after the completion of the DPS.

Fig. 7 shows the power diagram of the system. According to
(21) and the figure, Py decreases as the dual phase-shift angle
increases, eventually reaching zero. Similarly, P, also decreases

2L (Ro + jwLo)

. 14
(=L (Ro + jwLo) + LaRo (=1 + w?CoLy) + jwLy (Lo + Lo (=1 + W2COL2)))> (1
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Fig. 8. Waveforms of the inverter in the switching process.

continuously with an increase in the dual phase-shift angle.
However, since inverter II does not have an internal phase-shift
angle, the system power, as described by (22), ultimately de-
creases to 0.25P .« after the completion of the dual phase-shift.
In summary, the system’s output power decreases as the dual
phase-shift angle increases.

D. Realization of Full-Range ZVS

In the control of a dual-port full-bridge inverter, using either
internal phase-shift within the inverter or inter-phase shifting
between the two inverters results in a narrow ZVS operating
range. This leads to hard switching of the power devices, causing
significant switching losses. The optimal DPS control strategy
is introduced in this section.

To achieve ZVS operation, the IH system must be operated in
an inductive state. When the snubber circuit and dead-time are
negligible, the critical condition for achieving ZVS operation
when the phase angle 6 between the voltage and current is
equal to 0°. However, power transistors have intrinsic output
capacitancesand besides, lossless snubber circuits are commonly
used to reduce voltage spikes during the switching of power
transistors [23]. In this design, a 150 pF snubber capacitor is
connected in parallel with each SiC MOSFET.

As shown in Fig. 8, during the dead time ¢, , the capacitor Cg
must be fully discharged to achieve ZVS operation. Therefore,
there exists a minimum dead time denoted as Ty,;, . The angle
corresponding to the minimum dead time 7',;, is defined as
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Opmin, and Trin  [24] can be obtained from

Hmin 1 — 2 s
Topin = 22 = —cos ™! (1 _ ZnCia Vd) (23)
wo wo Im

where wy is the resonant frequency, V; is the input voltage of
the inverter, C, is the snubber circuits capacitor, and I,,, is the
magnitude of the inverter output current.

ZVS is achieved by first conducting the antiparallel diode
before turning ON the switch, thereby ensuring that the drain-
source voltage is clamped to zero. To ensure ZVS operation for
the switch, it is necessary to ensure that the current continues to
flow through the antiparallel diode when the switch is turned ON.
As shown in Fig. 2, the following conditions must be satisfied
to achieve ZVS

Lity) < Lgini Tit10) > LBunini L2(ts) < LBini L2(t12) > LBinin

(24)
where /gy, is the minimum current required to realize the ZVS
operation.

Because of symmetry, analysis of the negative half-cycle is
unnecessary. During the phase-shifting process, ZVS can be
achieved if the output voltage and current of each inverter remain
in an inductive state, where the current consistently lags behind
the square wave of the output voltage. In (25), 61 and 65 denote
the phase angles between the output voltage and current of
inverters I and II, respectively, (25) shown at the bottom of the
next page.

Fig. 9 presents the angle diagram of inverters I and II. The
blue surface represents the angle diagram of inverter I, and the
orange surface represents that of inverter II. The green plane
represents the zero-angle plane.

As shown in Fig. 10(a), full-range ZVS can be achieved when
the angles of both inverters are simultaneously less than 0, .
Fig. 11 presents the ZVS range diagram for inverters I and II.
From the calculations and diagram, it is evident that § = 16.5° is
the critical angle for full-range ZVS. When the angle is less than
16.5°, the system loses full-range ZVS; when the angle exceeds
16.5°, full-range ZVS is achieved. A larger 6 allows ZVS across
the entire power range, but it also increases the system’s reactive
power, which reduces the power factor. Moreover, a larger 6
results in higher switch currents, which will increase turn-OFF
losses.

As shown in Fig. 11, full-range ZVS requires 6 greater than
16.5°. To prevent an increase in the system’s reactive power
due to a larger 0, the angle 6 was selected as 21°, based on
the experimentally determined parameters, Fig. 10(b) shows the
ZVS range, where the green region represents the full-range
ZVS area. To determine the relationship between the phase-shift
angles over the full range, the ZVS boundary line of inverter I
(linel) is derived as shown in (26), and the ZVS boundary line
of inverter II (line2) is given in (27)

1 = 0.0022¢92 + 0.4¢9 + 33.34
$1 = —0.0098¢5% + 2.88¢ — 118.

(26)
27)

Power adjustment requires modulation from full-load power,
necessitating the passage through the zero-phase angle. Two
straight lines passing through the origin are selected, and their
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Fig.9. Angle Diagram. (a) Relationship between 61 and the phase shift angle.
(b) Relationship between 65 and Q, 5.
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Fig. 10. Range of ZVS. (a) Angle diagram of both Inverters. (b) Full-Range
ZVS range of the system (0 = 21.7°).

intersection at the boundaries of linel and line2 is used to derive
the corresponding linear equations, as shown

Y1 = 0.94z
{y2 =067z (28)
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Fig. 11. ZVS Range Diagram of inverters I and II. (a) 8 = 11.3°. (b) 0 =
16.5°. (c) 0 = 27°. (d) 6 = 46.5°.

From (28), it can be seen that k1 and k5 are 0.97 and 0.64,
respectively. To adjust the system’s power from full-load con-
ditions, the two phase-shift angles must both begin at zero.
Consequently, the system requires the selection of a straight line
where0.67 < k < 0.94. Additionally, from (20), it is known that
the circulating current is minimized when k = 0.8859. Based on
this, and considering both (28) and (20), a value of k = 0.9 is
selected as the relationship coefficient for the two phase-shift
angles

¢1 = 0.9¢5. (29)

E. Power Loss Analysis

Efficiency is a critical factor in the analysis of high-frequency
resonant inverters. Therefore, this section presents a detailed
analysis of power losses. The power losses in the inverter can
be divided into two components: conduction losses and switch-
ing losses. These two types of losses significantly influence
the efficiency of the inverters, particularly in high-frequency
applications [25].

In the IH system proposed in this article, full-range ZVS turn-
ON of the switching devices can be achieved. The power losses
are primarily concentrated in the conduction losses and turn-OFF
losses.

The conduction losses of the switching device can be de-
scribed as

Pcon,loss = (Is,rms)QRon (30)

01 = arctan

0 = arctan |—

_ 1484+ (1+4B) cos[d1]+2 cos[d1 —¢2]—Q sin[¢1]—2Q sin[¢d1 —¢2] :|

2+28+cos[p1 —pa]+cos[p2]4Q sin[¢1 —¢2]-Q sin[¢o]

Q+Q cos[¢1]+2Q cos[p1— 2] +sin[¢1]+Bsin[¢1]+2sin[p1 —¢2] (25)
2Q+Q cos[p1 —p2]+Q cos[¢z]—sin[p1 —p2]+sin[¢2] }
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where R, is the conduction resistance of the switching device,
and /g s is the root mean square current of the switching
device.

For the full-bridge converter configuration, the root mean
square current of each switch can be described as follows:

I = = -7 — Jeoit1rms

sl,rms — 452, rms — £s3,rms — 4s4,rms — 2 (31)
I = = = — Jeoit2rms

sbyms — 456, rms — 4s7,rms — 4s8,rms — 2

where Isl,rms’ Is?,rmSa IsS’,rmS7 134,rmsa Is5,rms, Isﬁ,rmsn 13’7,rmsa
I3 vms represent the RMS currents of switches Sy, S2, S3, 54, S5,
S6, S7, S8, and Icoil1,rms, Leoil2,rms represent the RMS currents
of inverters I and II, respectively.

In terms of switching losses, the system enables full-range
ZVS turn-ON. Therefore, only turn-OFF losses are considered,
and the formula is as follows [26]:

1
Poff,loss = §leofftffsw- (32)

V4 is the output voltage of the inverter, #fis the turn-OFF fall
time of the switching device, and f,, is the operating frequency
of inverter. The turn-OFF losses are primarily related to the turn-
OFF current I, of each switching device.

Lott,s, | = [Loft,s, | 5 [Loft,s5| = |Loft, s, |
' (33)
Loe,ss | = |Lott, 55| = ot 57| = |Lott, s
Therefore
R@l,of‘f,loss = R@Q,of‘f,loss; PsS,off,loss = P94,off,loss
. (34)
Ps5,off,loss = PsG,off,loss = Ps7,o{‘f,loss = Ps8,oﬁ',loss

The formula for the turn-OFF current of the inverter is as
follows:

{Ioff,l = Apeak 1 Sin(wt + 61) (35)

Ioff,” = Apeak 2 sin(wt + 92)

where Apeak is the peak current, and 6; and 64 represent the
angles of inverters I and II, respectively. Here, the SiC MOSFET
(C3M0021120D) device is used, with a conduction resistance
Ron = 21m€Q, t408) = 72ns and ty = 25ns.

Fig. 12 presents the calculation results of the conduction
and turn-OFF losses of the system’s MOSFETs. These results
are obtained from (30) and (32), and satisfy the full-range
ZVS dual-phase correlation (29).The dashed line represents the
turn-OFF loss of the MOSFETS, and the solid line corresponds to
the conduction loss of the MOSFETs. As the phase-shift angle
increases, the conduction losses of both inverters progressively
decrease. For inverter I, the switching losses of S; and S5 initially
increases and then decreases with the increase in angle, while
the losses of the other switching devices continue to decrease
steadily.

IV. FREQUENCY-DOUBLING PFM CONTROL UNDER LIGHT
LoAD

Since inverter II does not have internal phase-shifting, the
system power decreases to 0.25P,,,x once the maximum phase-
shift angle is reached. To address this, a frequency-doubling
PFM control strategy is employed to adjust the power under
light load conditions.
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Fig. 12.  Power losses of the inverter MOSFET.
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Fig.13.  Equivalentcircuitdiagram. (a) Dual-port LLLC. (b) Single-port LLLC.

FD-PFM is employed to address the issue of residual power
(0.25Pmax) that remains after the dual-phase shift is completed.
Therefore, it is crucial to investigate whether the full-load power
under the frequency-doubling mode can effectively accommo-
date the residual power left after the dual-phase shift.

When the system operates in DPS mode, the dual-port in-
verters simultaneously supply power to the resonant circuits.
The inductors L, and Lo are connected in parallel, as shown
in the equivalent circuit in Fig. 13(a). In this configuration,
Ugp1 and U4 represent the fundamental waveforms of the
square wave voltages output by inverters I and II, respectively.
In frequency-doubling mode, Inverters I and II operate in alter-
nation. Consequently, the operating mode is equivalent to that of
a single-end power supply. The equivalent circuit is depicted in
Fig. 13(b), with the condition wL >> Rysatisfied. The equivalent
load for the frequency-doubling single-end power supply mode
can be calculated as shown in

{Req ~ L3Ry/(Lo + Lo)?

36
Leqg = LoLo /(Lo + Lo) (36)
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Fig. 14.  FD operating mode diagram. (a) FD voltage and current waveforms.
(b) FD operating mode diagram.

b= LT =3/

fo=f-=1+p
where (37) defines the matching coefficients 3 and (35 for the
dual-port and single-port power supply configurations, respec-
tively. Equation (38) defines the equivalent resistances R ; and R »

for the dual-port and single-port power supply configurations,
respectively,

(37)

{Rl =Ry = 16*Ro (38)
Ry = B22Req = (1 + ﬁ) Req = 62R0
2 2
necmbegg
2
P, = (2\/7?‘/ ) * RL2 = .,1.28;»/2130

where (39) defines P; as the full-load power for the dual-port
power supply and P as the full-load power for the frequency-
doubling single-port power supply. It can be observed that, in
the frequency-doubling single-end power supply configuration,
the full-load power is one-quarter of the full-load power in the
dual-port power supply configuration. This feature can facilitate
seamless and smooth power adjustment.

In light-load mode, the system is operated in a frequency-
doubling mode. In this mode, inverters I and II alternately supply
power to the LLLC resonant circuit. When one inverter powers
the system, the other inverter forms a freewheeling circuit for the
LLLC resonant circuit. Fig. 14(a) illustrates the voltage and cur-
rent waveforms in frequency-doubling mode, while Fig. 14(b)
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Fig. 15.  Output curve of PFM power regulation.

presents the operating mode diagram. In mode I, inverter I
supplies power, with switches S1; and S14 turned ON, resulting in
a positive output voltage. Simultaneously, switches So; and So3
of inverter II are also turned ON, forming a freewheeling circuit
for the system. In mode II, inverter I continues to supply power,
with switches S1o and Sj3 turned ON, generating a negative
output voltage. At this time, switches S21 and Ss3 of inverter 11
remain on, maintaining the freewheeling circuit for the system.
In mode III, inverter II exclusively supplies power to the LLLC
resonant circuit, with switches S3; and S24 conducting, which
results in a positive output voltage from inverter II. Meanwhile,
switches S1; and Sp3 of inverter I remain continuously conduct-
ing, providing a freewheeling circuit for the system. In mode IV,
inverter II continues to supply power, with switches Soo and Sa3
conducting, producing a negative output voltage. At the same
time, switches S1; and Sp3 of inverter I remain conducting,
thus maintaining the freewheeling circuit for the system. In
Fig. 14(a), Tswo denotes the switching period of the inverter,
while Tsw represents the period of the resonant circuit. Tsvweo
is observed to be twice as long as Tswi, enabling frequency
doubling through the time-division multiplexing of the inverters.

Fig. 15 illustrates the output characteristic curve of PFM
power regulation. As the resonant frequency increases, the
corresponding quality factor Q of the system also increases.
From the figure, it can be observed that as Q becomes larger,
the power regulation characteristic curve becomes steeper. Un-
der the same power regulation, the frequency variation in the
frequency-doubling mode is smaller. Thus, this article employs
the frequency-doubling mode under light-load conditions, re-
sulting in a doubled resonant frequency in the resonant circuit.
This approach facilitates a faster power response to frequency
variations during PFM power regulation, thereby reducing the
range of frequency variation during power adjustment.
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Fig. 16. Diagram of the experimental prototype. (a) IH System experimental
platform. (b) LLLC resonant circuit.

TABLE I
EXPERIMENTAL PARAMETERS OF SYSTEMS

Parameter Value Unit
Matching inductor L, 633 uH
Matching inductor L, 633 uH
Load inductor Lo 63.3 uH
Load Equivalent Resistance Ry 0.52 Q
Resonant Capacitor Co(20kHz) 1.2 uF
Resonant Capacitor C1(40kHz) 0.3 uF
DC voltage V4 500 A%
Resonant frequency f 20/40 kHz

V. SIMULATION AND EXPERIMENTAL RESULTS

To validate the feasibility of the proposed full-range ZVS con-
trol of dual-port LLLC system, a 14 kW experimental prototype
was developed, as shown in Fig. 16.

The inverter is comprised of SiC MOSFETs (C3M0021120D)
and is controlled by a TI TMSF28335 microcontroller. Voltage
and current were measured using probes and displayed on a
Tektronix MDO3024 oscilloscope. The load parameters were
determined using an LCR meter (HIOKI IM3536) to ensure
proper load matching. The experimental parameters are given in
Table I.
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Fig. 17.  Experimental results of voltage and current waveforms. (a) ¢1= 0°,
2= 0°. (b) p1=>54°, p2=60°. (c) p1=108°, po= 120°. (d) p1=162°, po=
180°.

Fig. 17 presents the experimental voltage and current wave-
forms generated by inverters I and II under different phase-shift
angles. The resonant frequency is 20 kHz.

Fig. 17(a) depicts the voltage and current waveforms at a
phase-shift angle of 0°. The graph shows that the currents of
both inverters I and II consistently lag behind the voltage by a
constant phase-angle. The entire system remains in an inductive
state and continuously operates in ZVS mode. Fig. 17(b) shows
the voltage and current waveforms for ¢1= 54°, ¢po= 60°. The
presence of phase-shift angle ¢; results in a continuous decrease
in the duty cycle of the inverter output voltage. Simultaneously,
phase-shift angle ¢ causes a reduction in the output currents of
both inverters I and II. Furthermore, the current I shows a phase
lag relative to I;. Fig. 17(c) and (d) present the experimental
results for ¢1= 108°, ¢o= 120°and ¢;= 162°, po= 180°, re-
spectively. These results show that the duty cycle of the inverter’s
voltage U,;, decreases continuously, along with a correspond-
ing reduction in the currents /; and I> . Additionally, the system
is operated consistently in the ZVS state. As the phase-shift
angle increases, the power output gradually diminishes. These
experimental findings align with the theoretical analysis.

Fig. 18 presents the experimental results of ZVS for inverters
I and II under varying dual phase-shift angles. U511 represents
the voltage of S11, while Ugs91 represents the voltage of So;.
From the figure, it is clear that as the dual phase-shift angle
increases, the system consistently operates in the ZVS state.
Fig. 19 shows the experimental results of the output currents /1,
I, and I7,.. As the phase-shift angle increases, the magnitudes
of I and I decrease, while the phase difference between them
increases.

Fig. 20 presents the power adjustment experiments under
different dual-phase shift conditions. As shown in the figure,
during the phase angle switching process, the system can operate
at the resonant frequency point stably due to the action of the
PLL.

FD-PFM control strategy is used under light load conditions.
Fig. 21 shows the FD-PFM experimental waveforms. In the
figure, Tsywo represents the switching period of the inverter,
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(b) p1 =54°, p2 = 60°. (c) p1 = 108°, 2 = 120°. (d) p1 = 162°, po = 180°.

while Ty 1 denotes the period of the resonant circuit. As shown
in Fig. 21(a), inverter I operates for one Ty period and then
stops, while inverter II alternates during the subsequent 7y, pe-
riod. Inverters I and I time-share in this manner. At this point, the
inverter switching frequency is fsw 2 = 20kHz, and the resonant
circuit operates at a frequency fsw 1 = 2fsw2 - This configuration
achieves frequency doubling for the load while the inverters keep
the switching frequency constant. Fig. 21(b) illustrates the ZVS
effect, with the system continuously operating in the ZVS state.

Fig. 22 illustrates the frequency-doubling PFM mode. As the
frequency increases, the phase difference between the voltage
and current also increases, and the power continuously de-
creases.

Fig. 23 illustrates the circulating currents under different
control strategies. It can be observed that the circulating cur-
rent of the proposed DPS control strategy is the smallest. The
circulating currents of the signal phase shift (SPS) [27], extended
phase shift (EPS) [28], and triple phase shift (TPS) [29] control
strategies are all larger than that of the DPS control strategy, with
TPS exhibiting the largest circulating current. Although PFM
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Fig.21. Frequency doubling experimental waveform. (a) Voltage and current
waveforms. (b) ZVS effect.

does not generate circulating currents, it exhibits relatively high
reactive power.

Fig. 24 presents a comparison of the actual efficiency of
the proposed DPS with the control strategies of SPS, TPS,
EPS, and PFM. From the figure, it is clear that when P >
0.25P,ax, the system can operate continuously in the ZVS
state under the DPS control strategy. The system achieves a
maximum efficiency of 95.5%, and within the power range of
0.25Pnax-Pmax, the efficiency remains between 92% and 95.5%
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. When P < 0.25P ., the system is switched to the FD- PFM
mode. In this mode, the range of frequency change during power
regulation is significantly reduced, and the system remains in
the ZVS state. Consequently, under light load conditions, the
efficiency of system maintains above 87%, with the entire mod-
ulation process IH power systems operating in the ZVS state.
In contrast, the ZVS range of the SPS, TPS, and EPS strategies
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is relatively narrow. As shown in the figure, its ZVS range of
SPS is confined to 0.75P ,ax-Pmax. Outside this range, ZVS is
lost, resulting in efficiency decreased. The ZVS range of EPS
is the smallest, followed by TPS, with neither achieving ZVS
across the entire range. While PFM can achieve ZVS across the
entire range, its frequency increases continuously during power
adjustments, and the phase angle between voltage and current
also increases. This leads to higher reactive power and the lower
efficiency.

VI. CONCLUSION

A comprehensive control strategy of dual-port LLLC IH sys-
tem is proposed, which can ensure ZVS operation across the
full power range. DPS control strategy is proposed to overcome
the limited ZVS range. By analyzing the minimum circulating
current of two inverters and the operation range of ZVS, the
optimal mathematical relationship between the two phase-shift
angles of system is obtained. To achieve ZVS operation across
the full power range, a frequency-doubled PFM control strategy
is proposed under one-quarter of the total full-load power. This
allows power regulation within a narrower frequency range
under light load. Experimental results from a test prototype
confirm that the experimental findings align well with theoretical
predictions, demonstrating that ZVS can be achieved across the
entire power range, and the system consistently can operate with
high efficiency.
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