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Abstract—Compared with traditional frequency limitation
method DCM and QCFTCM for TCM-based inverter, this article
proposes a hybrid TCM method, which can achieve both full range
ZVS and frequency variation limitation. An accurate resonant
transition model is established and the switching frequency vari-
ation range can be obtained for TCM. The hybrid control can
be implemented according to the variation ratio ~. In order to
determine the optimal ~, an offline optimization algorithm based
on loss estimation is proposed. Therefore, an accurate analytical
loss model for GaN HEMTs considering the nonlinear junction
capacitance is given for TCM and hybrid TCM. The loss model
shows that the total losses of hybrid TCM inverter are reduced
compared with TCM. Moreover, an interleaved GaN-based mega-
hertz single-phase inverter with digital control is demonstrated
with 120 W/in® power density. The aforementioned benefits are
experimentally verified in the optimal hybrid TCM. With this
hybrid control, the measured peak efficiency is 98%. Compared
with pure TCM mode, there is a 70% reduction in the switching
frequency and the related efficiency is 0.8 % higher at light loads.
Higher power density (135 W/in®) can be achieved in hybrid TCM
through further increasing the switching frequency compared with
pure TCM.

Index Terms—Analytical model, high power density, Gallium
nitride (GaN), triangular current modulation (TCM), single-phase
H-bridge inverter, hybrid control method.

1. INTRODUCTION

INGLE-PHASE inverters are widely used in low power
S level (1-10 kW) industrial or residential applications, in-
cluding photovoltaic (PV) inverters [1], fuel cell systems [2], and
other power supplies [3]. For the commercial PV inverters from
a broad range of above applications, the efficiency is usually
as high as 96%—-99% but the power density is usually between
2-15 W/in? [4]-[7]. The power density is mainly limited by low
switching frequency due to the use of Silicon (Si) devices.
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For pushing higher switching frequency to achieve high power
density, it is urgent to apply better power devices to replace Si
devices. Recent emerging wide-band-gap power devices, such
as gallium nitride (GaN) HEMTs, are expected to be promising
candidates for high-frequency power conversion techniques.
Due to the advantages of the material, the GaN HEMTSs have
the features of wide band gap, high electron mobility, and high
electron velocity [8], [9]. Thus, better figure of merits can
be projected for GaN HEMTsS than for the state-of-the-art Si
transistors, which allows GaN HEMTs to switch with faster
transition speed and lower switching loss. Moreover, the zero
reverse-recovery charge of enhancement-mode (e-mode) GaN
HEMTs will decrease the related switching loss further. There-
fore, instead of the traditional Si devices, the use of GaN HEMTs
enable the converter to operate at high frequency, which will
allow a reduction in the size and the volume of the system and
relatively increase the inverter’s power density [10].

Some hard-switching GaN-based inverters have been demon-
strated in [11]-[14]. However, good efficiency only remains at
50-250 kHz in those hard-switching inverters, which is slightly
better than Si-based inverters. For pushing higher switching
frequency (up to megahertz) and achieving excellent system-
level benefits, soft switching is required in GaN-based con-
verters. Triangular current modulation (TCM) is one of the
simple ways to achieve soft switching, which is first proposed in
[15]. Combining with TCM, GaN-based converters can easily
achieve ultrahigh efficiency at megahertz switching frequency.
In the literature [16], a 1.2-kW megahertz dual-phase interleaved
totem-pole PFC with TCM was demonstrated with 99% peak ef-
ficiency and 220 W/in? power density. The work in [17] also pro-
posed a TCM-based bidirectional ac/dc converter for on-board
battery charging, which achieves above 96% efficiency and
37 W/in®.

Despite good performances at high switching frequency for
TCM, a major drawback of TCM-based converters is its wide
switching frequency range, which changes as a function of line
cycle and load. The huge variation yields excessive turn-OFF
switching loss, as well as excessive core and winding losses
of the inductor, especially at light loads. Moreover, the related
switching frequency is very easy to become extremely high when
inappropriate electrical parameters are applied in TCM-based
converters. Taking the 1.2-kW megahertz PFC in [16] as an ex-
ample, the calculated switching frequency variation is 1-3 MHz.
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When the PFC inductor value is just decreased from 10 to 8
1H, the new switching frequency variation can be calculated
as 2-6 MHz. Due to the doubled switching frequency, losses
of GaN HEMTs and the inductor become larger and will result
in a significant reduction in overall efficiency. In addition, the
doubled switching frequency will increase the burden of the
driver circuits, including higher power dissipation, significant
driver delays at higher switching frequency. Similarly, smaller
control cycles in the digital control for TCM are also required
at this time, which makes it difficult to implement. It can be
seen that the circuit parameter design of the TCM converter
will become harsher at high switching frequency and limit the
feasibility of TCM control in turn.

In pervious works, several ideas are proposed to restrict the
huge switching frequency variation in TCM. A discontinuous
conduction mode (DCM) operation for switching frequency lim-
itation is applied in a DCM/CCM boundary boost PFC converter
[18]. The PFC operates at critical conduction mode (CRM)
normally. When the switching frequency exceeds the allowed
frequency, PFC will change to constant frequency DCM mode.
With the simple DCM operation, the higher switching frequency
generated by pure CRM mode can be limited. However, valley
switching or non-ZVS will generate during DCM operation,
which will lead to higher switching losses. Literature [19] pro-
posed a quasi-constant frequency triangular current modulation
(QCFTCM) technique to overcome the frequency variation in
TCM. The quasi-constant switching frequency is implemented
by increasing the desired negative inductor current. ZVS can
also be achieved due to larger negative current, but the increased
current ripple will lead to higher conduction losses in GaN
HEMTs. In some cases, there is a significant drop in efficiency.
In this article, both DCM and QCFTCM operations in H-bridge
inverter are discussed in details. According to respective control
implementation and losses distribution in DCM and QCFTCM,
a hybrid TCM control method is proposed for good tradeoff.
In order to make a good tradeoff between the switching fre-
quency variation and efficiency in TCM-based inverters, an exact
loss evaluation should be executed. Therefore, an improved
analytical loss model for GaN HEMTs considering nonlinear
junction capacitance as well as an accurate analytical inductor
loss model is proposed for this reason. Based on the above
models, an optimization algorithm is established for optimizing
the performances of the hybrid TCM control. According to the
final experimental results, compared with the TCM control, the
optimal hybrid control has smaller switching frequency variation
and higher efficiency, which is verified in the final experimental
results.

The rest of this article is organized as follows. In Section II,
the basic operation of TCM control in the H-bridge inverter is
presented, while the related variation of switching frequency
is also analyzed through derived formulas considering resonant
transition. In Section III, the hybrid TCM control method is
proposed and discussed in detail. In Section IV, the detailed
loss modeling for GaN HEMTs and inductors in TCM-based
inverters are presented. The related optimization algorithm is
established for optimizing the performances of the hybrid TCM
control is given in Section V. Finally, the proposed hybrid TCM
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Fig. 1. (a) Symmetrical PWM full-bridge topology with dual-buck configura-
tion. (b) Symmetrical full-bridge topology with PWM +- unfolder modulation.

control is verified in an interleaved GaN-based megahertz single-
phase inverter. Corresponding experimental results are shown in
Section VI.

II. TCM BASIC OPERATION AND SWITCHING FREQUENCY
VARIATION ANALYSIS IN H-BRIDGE INVERTER

A. Basic Operation

Fig. 1 shows two typical modulation strategies for full-bridge
inverters. One is the symmetric PWM (SP) modulation shown
in Fig. 1(a), the other is PWM —+ unfolder (PU) modulation in
Fig. 1(b). TCM control can be applied in both topologies to
achieve zero voltage turn-ON (ZVS), but the resonant transition
in TCM control is different from each other. Therefore, the TCM
basic operation in two different modulations should be discussed
separately.

First, the basic operation of TCM control is presented under
the SP mode topology. The simplified waveform of Ir,;, vqs1
and gate signal in TCM operation is depicted in Fig. 2(a).
One switching cycle when the output voltage v,>0 is divided
into five intervals shown as follows:

Interval 1 (t;—t3): The related transient state is shown in
Fig. 2(b). The switches Q; and Q4 are turned ON at ;. Soon
after the inductor currents Ir,; and I o rise linearly for a fixed-on
time (T,y). At the end of this interval, Q1 and Q4 are turned OFF
and Interval 2 begins.

Interval 2 (t2—t3): At the beginning of this interval, the output
capacitors Cossy and Coggg start to be charged to input voltage
Vae while Coggs and Cpggs are discharged at the same time.
As shown in Fig. 2(c), the four output capacitors together with
two inductors Li, Lo and two output stage capacitors Cq, Co
form a resonance circuit. During the resonance transition, the
inductor currents if,; and iy,» continue to increase until both of
the voltages across the switch O and Q4 reaches V4. and then
decrease.
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Fig. 2. (a) Key waveforms for TCM operation, and related TCM resonant
transition in SP mode topology during (b) t1—t2, (c) to—t3, (d) t3—t4, () ta—ts,
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This interval can be described by solving a nonlinear differ-
ential equation

*q(t) d*qa(t)
Ly a2 + vg1 ((]1 (t), t) + Lo pTe
=+ UQ4(Q4(t)a t) = Ve — o (1)

where ¢ (t) and g4(t)are the charges of Cogs1 and Cogsa,
respectively, and vgq and vgo are the voltages across Cossi
and Cogsa, respectively. Because the junction capacitors Cogsy
and Cpggy are nonlinear during the charging process, the charges
q1(t) and g4 (t) cannot be expressed by exact formulas. Actually,
(1) is very hard to be solved. For simplifying the above differen-
tial equation, the nonlinear junction capacitors can be replaced
by constant effective output capacitance Co(Tr), Which can be
obtained in the related datasheet. Substituting Co(Tr) into (1),
the simplified differential equation can be given as below:

dQU t d22) t
L1001(TR)%() +vq1(t) + L2Cou(rr) d(i;l( )

+ vQ4 (t) = Ve — vo. 2)

Interval 3 (t3—t4): This interval begins after capacitors Cogsi,
Coss4 are charged to the input voltage V4. and capacitors Cogsa,
Cosss is discharged to zero. Due to the very short resonance
period, the inductor currents /1,1 and [ start to commutates
the body diode of Q5 and Qs, respectively, during the rest of
dead time td1, which is shown in Fig. 2(d). Before the interval
4 begins, the voltages across switches Qs and Qs are always
embedded in zero voltage.

Interval 4 (t4—t5): When the gate voltages vgeo and vgg3
become high level, the interval 4 starts. Both switches Q2 and
Qs can be turned-ON at zero voltage at ¢4. After that, the inductor
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Fig.3. Envelope of inductor current in TCM control for (a) SP mode topology,
(b) PU mode topology.

currents decrease linearly because the voltages vi,; and vy
across both inductors are negative. The current flow loop is
shown in Fig. 2(e).

Interval 5 (t5—tg): Once inductor currents iy,; and iy o reach
zero, Qo and Qs are turned OFF and the interval 5 begins. As
shown in Fig. 2(f), inductors L;, Lo and the output capacitors
of four switches form a resonant circuit, which is the same as
that in interval 2. In this resonant loop, the behavior is mainly
depended on the output stage capacitor voltages vy, voe. During
the positive cycle, vc; always exceeds the half of the input
voltage Vpc and vee is less than half of the input voltage Vpc.
Therefore, both of the voltages across the switch Q; and Q4 can
reach zero voltage during the resonance. ZVS of Q7 and Q5 can
finally be achieved at the turn-ON instant.

Fig. 3(a) shows the desired envelope of inductor current to
achieve ZVS when TCM is applied in the SP mode topology.
There is no non-ZVS region during the line cycle. It can be
concluded that full-ZVS of this topology can be achieved with-
out extra ZVS extension proposed in [16]. As for the PU mode
topology, the TCM operation is slightly different from that in
the SP mode. Considering a reversed power conversion, this
topology actually corresponds to the totem-pole PFC rectifier.
Therefore, the related TCM operation is also similar with that
in the totem-pole PFC. However, there is one issue that the
non-ZVS region is different for rectifier mode and inverter mode.
According to the principle of symmetry, the non-ZVS region is
complementary between rectifier mode and inverter mode. In
other words, extra negative current or ZVS extension is needed
in inverter mode when the output voltage V, is less than the
input voltage Vg., which is shown in Fig. 3(b). The required
extra negative current can be given as follows:

b (l) = { 220 (V. — 200(1)), ifvo(t) < 0.5V
0, else

3
where q.(t) is the charge of Cogg during turning-OFF process.
For simplifying the equation, the constant effective output capac-
itance Co(rr) multiplied by the input voltage V4. can replace
qc(t). In addition, the simulated TCM inductor currents in both
modulations are compared in Fig. 4. Considering the actual
control implementation and guarantee for ZVS, both simulations

slightly increase the negative current calculated by (3).
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B. Switching Frequency Variation

TCM control is a simple soft-switching technique without
additional auxiliary circuits. It is feasible to achieve high power
density without efficiency reduction by increasing the switch-
ing frequency directly. However, due to the inherent switching
frequency variation of TCM, the TCM-based high frequency
converter can easily achieve megahertz level even to dozens
megahertz. Some issues will become more significant than low
frequency conversion at this time. The first is the electromagnetic
interference (EMI) problems. The EMI spectra of megahertz
operation will become higher at high frequency [20], [22]. The
radiated EMI also become significant due to the compact size
for megahertz converter [23]. It leads to more complicated
conducted EMI suppression at megahertz range. The second
is the rare magnetic materials for high frequency conversion.
For most magnetic cores in commercial, the related operating
frequencies are usually below 5 MHz [24]-[26]. Once the fre-
quency exceeds 5 MHz, the inductor will become very difficult to
design. Meanwhile, the digital control of megahertz conversion
is also a challenge. The limited processing speed in single
DSP solution and the low resolution of digital PWM limits
the converter performances at this time [27], [28]. The last but
not least is the switching losses of semiconductors. Fig. 5(a)
shows the switching loss distribution of one of GaN device
samples. The switching loss is tested under double-pulse test
setup discussed in [29]. As shown in Fig. 5(b), the turn-OFF
switching loss of the measured GaN sample at 100 kHz is very
small and nearly can be neglected compared with the conduction
loss. Once pushing the switching frequency to megahertz range,
the turn-OFF switching loss will become significant. Therefore,
the variation of switching frequency in TCM control should be
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TABLE I
MAIN INVERTER PARAMETERS FOR ANALYZING SWITCHING FREQUENCY
VARIATION IN TCM CONTROL

Part. Parameter Value

Input voltage V. 400V

Main Output voltage Vo, 220V

Topology Rated output power P, 500W

Output voltage frequency f, 50Hz

Output stage inductor value L 20uH

Selected Effective junction capacitor value Cocrr) 35pF
Semiconductor @ GaN sample from GaN Systems. Inc.

carefully managed to prevent the above problems generated by
extremely high frequency.

For a more intuitive analysis of the switching frequency vari-
ation in TCM control, the equations for precisely calculating the
switching frequency in both topologies are, respectively, given
as follows:

VdCQ — Uo(t)Q
Jsw(t),sp(t) SLVa Tio ()] +1/2LCo(rr) (27 — 6,)
4

_leo(®)] Vae = wo(t)?
Jsww.Pv®) = L ST T e (Vi

+1/2LCo(rR) (2m — 01 — 62) )
where

- L Alio(t)|
0, = tan ! - 6
p (\/ 2Corn  Vie + [00(t)] ©

L 2ig(t)] ~ ineg(t)

6= tan™* (7
! 2Co(TR) |vo(t)]

- L lineg (t)]
0y = tan! . g (8)
? ( 2Co(rr)  |vo(1)]

where v,(t) and i,(t) are the instantaneous value of output ac
voltage and current, respectively. Both equations consist of two
parts. One is the theoretical switching period, the other is the
required resonant transition times derived from (1) and (2),
which is always ignored under low-frequency conversion (<100
kHz). Once applied in higher frequency conversion, the second
part will become quite large as the first one. Therefore, the
complete calculated switching frequency is applied for a more
precise estimation of the switching frequency variation in this
article. The switching frequency variation is first investigated
between two topologies and then discussed in-depth in terms of
the impact of certain specific parameters. The detailed results
are presented in Table .

According to (4) and (5), the switching frequency variation
at different load in both topologies can be depicted as Fig. 6.
The related curves are based on a specific inverter. The related
parameters are presented in Table I. As shown in Fig. 6(a), the
switching frequency variation is very huge at rated power, where
the lowest switching frequency fsw min 1S only 266 kHz, but
the highest switching frequency fsw max 1S up to 5 MHz. Quite
large power dissipation will generate when GaN HEMTs operate
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Fig. 6. Switching frequency variation during half line cycle at different load
when TCM control applied in (a) SP mode topology; (b) PU mode topology.

from several megahertz to a dozen megahertz ranges. fuw min
increases as the output power decreases while fiy, max maintains
5 MHz all the time. When the output power is below 20% of the
rated power, fiw min also achieves megahertz level. It can be
known that the switching loss generated at light loads becomes
so high that the efficiency will drop very badly, which loses the
benefits of ZVS brought by the TCM control.

Similar variation of switching frequency in the PU mode
topology can be seen in Fig. 6(b). The only difference from
Fig. 6(a) is that the switching frequency will decrease to zero
near the zero-crossing of ac current after reaching fiw max-
Moreover, the switching frequency variation is smaller and
Jsw_max 18 much lower than the front one. It is clear that the
performance of the PU mode topology will be better than the
SP mode topology under the same load condition when TCM
control is applied in both topologies.

On the other side, the switching variation will also have a
significant impact on the pursuit of high power density. It is well
known that the power density of power electronic converters
is mainly contributed by the passive components especially the
output stage inductors [30], [31]. For this reason, the power
density of TCM-based converters is usually higher than the
conventional hard-switching conversion with several hundred
microhenry due to the designed smaller inductance value (usu-
ally dozens microhenry). However, the huge variation in TCM
will lead to arestricted design for the inductance value L, thereby
limit the power density. To illustrate this point intuitively, the
switching variation range versus L in both topologies is pre-
sented in Fig. 7. By keeping the other parameters in Table I un-
changed and only change the inductance value L, the switching
variation range with different inductance values (5-50 pH) can
be calculated according to (4) and (5). In addition, the designed
inductor volume versus L is also given in Fig. 7.

Fig. 7(a) shows the switching frequency variation in the SP
mode topology. As the inductance value L decreases from 50
to 5 uH, both fiy, max and fow min increase a lot, where fiyw max
increases from 1.4 to 14 MHz and fsy, min increases from 100
kHz to 1 MHz. Though the inductor volume becomes smaller
with lower inductor value L, the benefit will be limited by the
extremely high switching frequency finally. Fig. 7(b) shows
the switching frequency variation in the PU mode topology.
Compared with Fig. 7(a), the switching frequency changes in
a smaller range (below 2 MHz) and the inductor volume can
achieve a smaller value. Higher efficiency and power density
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can achieve in this topology when both topologies have the same
parameters.

In a conclusion, huge switching frequency variation is a
significant problem in TCM control, especially in the SP mode
topology. Excessive turn-OFF switching loss will reduce the
efficiency of converters, which loses the benefits of ZVS. Al-
though Increasing the inductance value can reduce the switching
frequency, large variation still exists and low power density
is obtained. This in turn will limit the pursuit of high-power
density because small inductance value will lead to extremely
high switching frequency. In TCM-based inverters, an effective
method should be applied to achieve good tradeoff between
efficiency and power density. And that is why the hybrid TCM
control is proposed.

III. HYBRID TCM CONTROL
A. Discontinuous Conduction Modulation (DCM)

Constant-switching frequency DCM is an effective method to
eliminate the huge switching frequency variation. However, it
will lead to extra non-ZVS problems when DCM is applied in
these two topologies instead of TCM.

First, the simulated DCM inductor currents in both SP and PU
modes are depicted in Fig. 8, where fsy min of TCM is chosen
for the switching frequency of DCM. It can be seen that the
LC resonance still occurs after the inductor current decreases to
zero. Different from TCM, the resonance will last for several
cycles due to the long dead time 742 in DCM. As is shown in
Fig. 8(a), ZVS is only achieved when the dead time 745 is equal
to (0.5 4+ n)Ty (n € N). During the line cycle, some switching
points may not match the above equation and located in the
partial hard-switching (p.h.) region indicated in Fig. 8(a). Due to
the voltage vq4s in p.h. region is not equal to zero, hard-switching-
ON occurs and results in higher switching-ON losses.

As for the DCM operation in the PU mode, Fig. 8(b) shows
that valley switching (VS) will substitute ZVS when the output
voltage is lower than half of the dc bus voltage. Due to extra
valley-switching losses, the total partial switching losses will
become higher.

Accordingly, the partial hard-switching-ON energy in both
inverter modes can be calculated as follows:

Epp(spy(t) = 0.25 - Coss[Vae — V2V, sinwt

+ (Vae + V2V, sinwt) - cos(wp (tg mod Tp)))?
©)
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Eph.puy(t) = 0.5C0s55(Vac
+V2V, sin wt(cos(wo(tg mod Tp)) — 1)?

(10)
with
by = (11)
' V2LCoss

where T is the LC resonant period, and #4 is the required
DCM dead time. By substituting parameter values in Table I
into (9) and (10), the loss comparison including conduction loss
and partial hard-switching loss is presented in Fig. 9. It can be
known that DCM mode have higher conduction losses and extra
partial hard-switching losses compared with TCM. Therefore,
constant-switching frequency DCM is not a good choice.

On the other side, the DCM operation can also be imple-
mented with ZVS or VS by adjusting the required dead time #45.
However, due to the short LC resonant period, ZVS or VS is
very hard to maintain over a line cycle. Moreover, the VS loss is
still significant in the total converter loss. According to literature
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[16], the VS losses can be derived below
EUS (VO7 t)

_ 0.5Coss (Ve — 2\/§VO Sinwt)z, (Vo £0.5Vg)
0, (Vo > 0.5Vy.).

12)

When the switching frequency is pushed to the megahertz
level, the related VS losses will become dominant and result in
low efficiency, as shown in Fig. 10.

B. Quasi-Constant Frequency TCM (QCFTCM)

Except for DCM, another derived-TCM modulation can also
be used for eliminating the switching frequency variation. The
derived-TCM modulation is called as quasi-constant frequency
triangle current modulation (QCFTCM). The basic idea of
QCFTCM is to maintain almost fixed switching frequency dur-
ing the line cycle [19].

First of all, the minimum switching frequency fiy min 0f TCM
is chosen for the switching frequency of QCFTCM. Then, the
switching frequency, which originally exceed fiy min in TCM,
can be kept in fiw min just by increasing the desired negative
current. Correspondingly, the peak current has to be increased
in order to maintain the same average current as shownin Fig. 11.
The control implementation of QCFTCM is similar to TCM. In
TCM, the auxiliary switch is turned OFF after the current reaches
zero or after a programmable time delay for ZVS. In QCFTCM,
zero current is detected and after ZCD a variable delay of T2 is
given to turn OFF the auxiliary switch. It is known that full ZVS
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Fig. 12.  Simulated Inductor current for one switching cycle in QCFTCM.

can also be achieved in QCFTCM due to the higher negative
current compared with TCM.

According to the control trajectory, the required extra con-
duction time is calculated with (9) in order to maintain the same
switching frequency. The related negative current in QCFTCM
is also calculated as (10)

1 ( 1 4L~\To(f&)\)|) _ @ ,(SP)
Tofo(t) — { 2 \ 2fsw ZVdc7 Vo (T 4fsw-Vac
2L-Vorms Vac—|vo(t
B Po + gfsulzvz(ic)‘ ) (PU)
(13)
Vdc*vo(t)T y (SP)
Ineg_qcftcm(t) = vo(t2)L of f2 (14)
sz lofrz | (PU)

where f5,, is the selected switching frequency for QCFTCM and
P, is the output power of the inverter.

To further investigate this derived-TCM control method,
Fig. 12 shows simulated QCFTCM inductor currents in both
topologies. It can be seen that current ripples in both topologies
become larger than that in TCM after QCFTCM operation,
especially at SP mode. As shown in Fig. 12(a), the current ripple
in the SP mode reaches maximum near the zero-crossing of the
output current.

The semiconductor conduction losses in both topologies with
TCM and QCFTCM are also calculated and compared in Fig. 13.
In the SP mode topology, conduction loss increases from 0.8 to
2 W after the QCFTCM operation. In the PU mode topology,
conduction loss in QCFTCM increases from 0.9 to 1.1 W. It
can be inferred that the increased conduction losses will directly
lead to lower efficiency. Moreover, the larger current ripple will
also cause higher inductor loss as well as higher DM noise. The
former will lead to further reduction in efficiency, while the latter

6803

25
2
g
% 1.5
0
o
|
1
0
TCM(SP) QCFTCM(SP) TCM(PU) QCFTCM(PU)
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Fig. 14. Line cycle operation for hybrid TCM control.

will lead to lower power density due to larger volume for DM
filter. Though the variation of switching frequency is eliminated
by QCFTCM, more issues are introduced.

C. Conception of Hybrid Control Method

According to the aforementioned analysis, both DCM and
QCFTCM are effective solutions for eliminating huge switching
frequency but not a qualified candidate for achieving high effi-
ciency and high power density. In order to narrow the switching
frequency variation while improving the efficiency in TCM-
based converters as much as possible, the hybrid TCM control
is proposed in this section.

It is worth noting that the variation of switching frequency
in TCM is based on the circuit parameters and operation condi-
tion. As shown in Fig. 15(a), the switching frequency increases
relatively slowly around one quarter line cycle while increases
very fast near the zero-crossing of output current. Most of the
switching frequencies near the zero-crossing point exceed the
megahertz, which are main contributors to switching-OFF losses.
If these higher switching frequency sections in TCM can be
replaced by those two constant frequency modulations (CFM),
the huge switching variation as well as excessive switching-OFF
loss can be reduced at the expense of less current ripple. The
basic idea of hybrid TCM control lies behind combining TCM
with CFM. Fig. 14 shows the intuitive operation mode over a
line cycle.
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Fig. 15.  (a) Switching frequency variation in hybrid TCM control under dif-
ferent QCFTCM operating intervals. (b) Inductor current shape under different
QCFTCM operating intervals.

When DCM is applied for CFM, the resulting non-ZVS
losses will become significantly high at high frequency and
then worsen the related performance. In contrast, QCFTCM can
achieve ZVS just at the cost of slightly higher conduction losses.
Therefore, the proposed hybrid TCM control is focused on TCM
+ QCFTCM in this article.

A symmetrical interval is added at every output current
zero-crossing point for the QCFTCM operation. For ease of
description, «y is put forward to represent the actual QCFTCM
operation interval. The ratio + is defined as

_ 2TqcFrrem

1
Tiine ( 5)

With different value for v (0 < v < 1), the switching frequency
variation can be adjusted as needed. Fig. 15 shows the switching
frequency and related inductor current ripple with different .

Moreover, due to the similar control idea of QCFTCM and
TCM, the proposed hybrid TCM can easily apply the control
block diagram of TCM with partial modification. The control
scheme for hybrid TCM control in the SP mode inverter is
presented in Fig. 16. The average current loop controls the
average current to track desired sinusoidal reference, which
is the same as [32]. While the programmed extra OFF-time
control is slightly different. When the current is running into
the QCFTCM interval, the reference current should be added to

ZCD
T | L QCFTCM
| EPWM module | Programmed [+~ ) Operation
| | T Range
| | I_ delay
Q1,04 | | R | ‘—|
f Q | lo
Q2,Q3 | | :] S ]
I | I A/D
I ___________
DSP Vret
Fig.16.  Control scheme for proposed hybrid TCM control in SP mode inverter.

the programmed extra OFF-time block to achieve the needed off
time in QCFTCM and v is the default value.

The detailed description for the hybrid TCM is all presented
above. However, when applied in both SP and PU mode invert-
ers, the QCFTCM operation interval + should be investigated
more deeply. -y has a flexible range of values as mentioned above.
When the value of - is too large (>0.9), the dominated current
ripple also leads to excessive conduction losses just like pure
QCFTCM. When the value of «y is too small, the very short
interval will still result in quite large variation of switching
frequency.

Therefore, in order to determine the optimal ~ for best per-
formance, an optimization algorithm is established. The opti-
mization algorithm is based on loss estimation including GaN
HMETsS losses and inductors losses. In Section IV, the GaN
HEMTS and inductors analytical loss models are proposed and
described in detail. The final optimization process is presented
in Section V.

IV. LosS MODELING FOR GAN HEMTS AND INDUCTOR IN
TCM CONTROL

A. GaN HEMTs Analytical Loss Model

Subsection 1. Turn-OFF Transient Model: Estimating the
switching loss of GaN HEMTs accurately is a challenge. Among
all the methods proposed so far, LTspice simulation is a widely
used method to estimate the related behavior. However, the sim-
ulation results depend on the accuracy of the Spice model given
by the manufacturer, which differs from each other. For better
estimation of GaN HEMTSs’ losses, several analytical models,
which divided the switching transient into several subperiod and
used piecewise linearization for approximate calculation, are
proposed [33], [34]. Most models proposed earlier have not con-
sidered the nonlinear characteristics of the device capacitance
and the nonlinear transfer characteristic, which can affect the
accuracy of calculation results. Recently, more accurate transient
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Fig. 17. Equivalent circuits for turn-OFF transient process of GaN HEMTs:
(a) gate delay subperiod; (b) voltage rise subperiod; (c) current fall subperiod;
(d) COSS charge subperiod.
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Fig. 18. Related turn-off transient waveforms at (a) normal current fall mode;

(b) Cpgs charge mode.

models with nonlinear junction capacitors have been proposed
in [35] for Si and SiC MOSFET. However, due to ultralow reverse
transfer capacitance C,s, the aforementioned model is inap-
propriate for GaN HEMTs. And thus, a well-matched turn-OFF
model for GaN HEMT based on [35] is proposed in this section.
The related turn-OFF equivalent circuit and transient waveforms
are depicted in Figs. 17 and 18. The parasitic inductance is
ignored for a concise description. The details of transient sub-
periods are as following.

1) Subperiodl(t,~ty') (Turn-OFF Delay): At t;, turn-OFF
signal is coming and gate—source voltage vg.2 begins to fall
from Vg, as expressed by (16). This interval ends at 75 when
vgse falls to (Vy, + 11/ g.,), where g, is the transconductance
and Vy, is the threshold voltage

d’l)g s2

Rg : Ciss? + Vgs2 = Udrl-

2) Subperiod2(ty'—tg') (Voltage Rise and Current Fall): Af-
ter to/, the drain to source on current ids(on)2 begins to fall.

(16)
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Meanwhile, Cgs; is charged from v g5, by i.4s;. Equations
(17)—(19) can be derived to express this period

dvgsZ dvgd2 o Vgs2 — Vdrl
Cgs (UdSZ) dt + ng(vdsl) dt - Rg
17
dvdsQ .
(Ooss(vdsl) + Coss(”dsQ))? + gm(ngQ - Vvth) =1L
(18)
di
vass + L= = Vao (19)

where C\ss = Cys + Cyq. The state equation (A1) can be de-
rived from the above equations

i)gsl —(a + 9m - b) 0 b Vgs1
Ugs1 | = —gm-c 0 c| |vis1
i 0 —do| | I
a- Vari +b-gm - Vin
+ ¢ gm - Vin (20)
d-Vpc
_ 1 _ C _ 1
Where a= Rgciss ’ b - Ciss(cosjld"l'oossQ)’ ¢= Cossl“’coss’z’
_ 1
d= 1.

3) Subperiod3(ts'—t;’) (Current Fall): Once v4s2 has been
charged to V4., Q2 begins to conduct reversely. Because v 457 1S
clampedto Vpcby Qs, dvgss / dt = 0. Equation (13) is presented
to describe this interval. Current fall period ends when v, falls
to V4, to block the channel of O,

dv 2
Rg . Ciss% + Vgs2 = Vdrl-

A typical turn-OFF transient model for GaN HEMTs is de-
picted above according to the literature [35]. However, the
model derived from SiC MOSFETSs is not suitable for all working
conditions in GaN HEMTs. According to some experimental
results for GaN HEMT [21], the miller plateau disappears very
quickly and would not last until v45 charge to V4. when the drain
current is small. A boundary current I can be calculated as (22)
according to differential equations in subperiod2

B(Vin — Var)
Rg(Rg “Im — ﬂ)
CossWas(on))+Coss(Vie—Vas(on))

ng(v:ls(on))
When the load current is below Ip, igs(on) drops to zero

quickly while the voltage Vggo still rising. As shown in
Fig. 18(b), a new subperiod will appear instead of subperiod3.
The related behavior is shown in Fig. 17(d) and detailed descrip-
tion is given below.

4) Subperi0d4(t3”—t4” ) (Coss Charge): At the beginning,
the channel of Q5 has been blocked. Therefore, Iy, is used to
charge Cpssy and Cogso. Equation (23) is derived to present
vas1- Coss charge period ends when vdsl1 is charged to V.

2n

Ip = (22)

where § =

vy
L(Coss(vdsl) + Coss (vdSZ))% + Vgs2 = Vdc~
So far, a complete description of GaN HEMTSs turn-OFF

transition is given above. Once given the initial variables, such

(23)
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Fig. 19.  Turn-off state of single switch over a line cycle (SP mode). Positive

half cycle: when the status is in QCFTCM operation (q), Q1 is turned OFF at
peak current (PC) while Q2 at reverse current (RC); when the status is in TCM
operation (t), Q1 at PC & Q2 at zero current (ZC). Negative half cycle: when
the status is in QCFTCM, Q1 at RC & Q2 at PC; when the status is in TCM, Q1
at ZC & Q- at PC.

as Vgs, Vds» iload> Vde, the needed curves for loss estimation can
be obtained by solving those differential equations iteratively.
And then the switching energy during one turn-OFF period can
be given as

ts

Vds (iloadv t/) 'ids((m) (iloadv t/)dt/ (24)

Eoff (iload) = /
ty’

by repeating the above calculation at different load currents,

the turn-OFF loss at different load currents E, s ;(lioaa) can be

obtained.

Subsection II. Soft Switching Turn-OFF Loss Model: For
calculating the exact soft switching losses in TCM or TCM
derived modulation, the related turn-OFF status of each GaN
HEMTsS should be investigated. Fig. 19 shows the turn-OFF state
of hybrid TCM for SP mode over a line cycle. It can be seen
that O, is always turned OFF at the upper boundary and Qs is
turned OFF at the lower boundary. The turn OFF state of Q; and
Q> is complementary between positive and negative line cycle.
For simplifying and unifying the loss calculation, Q; and Q2
can be seen as being turned OFF at both boundaries over half
line cycle. After the modification, the switching losses during
one switching cycle for TCM and QCFTCM section can be
calculated, respectively

Poff(t) (Iloada t) = Eoff(2\/§lload sin Wt) . fsw (Iload7 t)

(25)
Poff(q) (Iload; t) = [Eoff (ipeak(q) (t)) + Eoff (ineg(q) (0)}
Tinc
- fouw(Dioaa, 72). (26)

The final step is to average the line-cycles, so that the line-
cycle averaged turn-OFF loss at different load currents (x P,)
for this hybrid TCM control is calculated according to

Nine _ YTMine
2 4

1
Tine LTE“

X Eoff (2\/5[10,3(1 sin wt) - fow (Iload; t)dt

Poff_ave(h) (Iload)
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negative line cycle. On the basis of the energy equivalent, the conduction current
can be equivalent to a half-wave current over the line cycle.

1 ’yﬂine
2—— 1
+ ﬂine fsw( load s 4 )
Tine
4

[Eog s (ipea(q) (1)) + Eog(inegq)(t)]dt  (27)

where v is the QCFTCM ratio. When 7 is equal to zero, the
turn-OFF loss for TCM control can also be obtained.

Subsection Ill. Conduction loss model: The conduction loss
can be easily calculated by R equation. Rgs(on) Can be ob-
tained through Datasheet. The key is to figure out the square of
conduction current Ieopduction -

Fig. 20 shows the detailed conduction region of Q; over a line
cycle. According to the principle of root mean square equiva-
lence, the conduction current can be equivalent to half-wave
inductor current. Similar with the calculation of switching loss,
the line-cycle averaged conduction loss for hybrid TCM control
can be calculated as follows:

Tine _ YTline
2 1

1
Pcon_ave (Iload) = -
Tiine J 2 Mine line

. Iz(t) (Iload7 t) : fsw(t) (Iloadv t)dt

2 'Yﬂine
+ mfsw(t) <[load7 4 )

Rds(on)

Y Tline
1

T Raston B Bnss )t 28)
0

where 7 (1(t) and i (@ (t)are the square of conduction current
during one switching cycle in TCM and QCFTCM, respectively.
When 7 is equal to zero, the conduction loss for TCM control
can also be obtained.

B. Inductor Loss Model

Subsection 1. Core Loss Model: For the given TCM-based
application, the material is excited by a LF 50 Hz (ideally)
sinusoidal voltage and superimposed HF square-wave voltage
pulses. Therefore, on the one hand, the core loss model com-
prises a LF component where the generalized Steinmetz equa-
tion (GSE) is used

Porrp=Ve-k- f& - B

line

(29)

where k, o, and f3 are the related core parameters for Steinmetz
calculation.
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Fig. 21.  Core loss calculation flow chart based on TCM waveforms.

On the other hand, the HF component may be calculated
by the improved generalized Steinmetz equation (i’GSE) for
square-wave excitations proposed in [36]. The proposed core
loss model considers the influence of the premagnetization Hpc
and achieves high accuracy. However, the above core loss model
is built on the premise of extra core loss measurements for
different operating points. So far only the materials N87 and
2605SA1 mentioned in [36] are measured further and available
for this core loss model. In a conclusion, this complete core
model is mainly limited by the preliminary measurements and
inappropriate for the given TCM-based application.

Fortunately, the extensive measurements in [37] show that not
all materials losses vary under dc bias conditions. Among most
magnetic cores for power conversion, powder core materials,
such as KoolMu, iron, are confirmed to be premagnetization-
independent. Therefore, an accurate and universally applicable
core loss model for powder core materials can be derived from
i>’GSE, in which only Steinmetz parameters for sinusoidal exci-
tation from the data sheet are required. The simplified Steinmetz
equation can be given as

«

! (AB)P—

Tiine ,
i

1

i

Peur=V. (30)

with
k

ki = a—1 p2m a9B—« !
(2m)* " [ [cos 8]*20-dp

€1y

The parameters k, «, and [ are Steinmetz parameters, which
can be obtained from the data sheet. 7; are the correspond-
ing time intervals of the piecewise linear HF flux segments
(E T; = Tine)-

Fig. 21 illustrates the detailed core loss calculation process
for TCM current waveforms. The detailed core loss calculation
for both TCM and Hybrid TCM are given in the Appendix.

Subsection 1I. Winding Loss Model: The winding losses vary
between different winding types. Considering the megahertz
level frequency, litz or foil wire is the best candidate for inductor
winding, which has low skin- and proximity-effect. However,
an accurate analytical model for foil wire geometries is very
complex due to the fact that 2-D approximation should be
executed to achieve high accuracy. As for litz wires, well-known
and tractable analytical models exist based on 1-D field approx-
imations [38]. Therefore, only litz wire is considered and the
related winding losses are calculated in this article.

In litz-wire windings, the total losses can be divided into skin-
effect losses and proximity-effect losses. The skin-effect losses,
including dc losses, of a litz-wire winding that consists of n
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strands, each with strand diameter di are calculated as

N 2
1
Py sy =n-Rpc - Fr(f)- <n> (32)
where Rpc is the dc resistance of one strand per unit length, and
FRr(f) can be found in [37].
The proximity-effect losses in litz-wire windings can also be
calculated as

. 12
Pypy=n-Rpc-G H? + —— 33
w(p) =n- Rpc R(f)( e+2ﬂ_2d3> (33)
where d,, is the outer diameter of litz-wire, H, is the external
magnetic field strength, and Ggr(f) can be found in [37]. Since
the selected core materials are always shaped into toroid, H, can
be neglected. The above equations can be simplified into

Pw =n-Rpc - I (Fi(f) + GR(f))

where F(f) = F’ng) and G%5(f) = g;g(({z). With the similar
calculation process, the line-cycle average(?{ winding losses for

hybrid TCM control can be calculated as
P, w_ave

(34)

Tine _ YTine
2 4

— 9%k /
7 Tline
4

% Z2L(t) (t) [F}f%(fsw(t) (t))—i_G}F{(fsw(t) (t))]fsw(t) (t)
Tline

e (22)) < e (2

YTline e i%(t)(t)d
'fsw(t) 4 . ) T‘line t

where k = N - M LT -n- Rpc. When 7 is equal to zero, the
conduction loss for TCM control can also be obtained.

dt

(35)

V. OPTIMIZATION ALGORITHM FOR HYBRID TCM CONTROL

A. Optimization Algorithm

Based on the establishment of the above GaN HEMT loss and
inductor loss models, an optimization algorithm is proposed in
this article, which is shown in Fig. 22.

In the proposed optimization algorithm, all predesigned elec-
trical parameters, i.e., the output inductor value L, are kept
the same for both topologies. First, the initial parameter L is
determined while initial parameters focrrom and -y are iterated,
and then the resulting current and voltage waveforms of each
GaN HEMT and the resulting flux density of output inductor
L can be calculated based on electrical model of the selected
topology. Through the loss models proposed in Section IV,
those calculated results can be transferred to single GaN HEMT
loss and single inductor loss, respectively, which is then used to
optimize total losses of the inverter. Finally, the optimal value ~y
can be determined based on the lowest losses.

Furthermore, due to the lower switching frequency of hybrid
TCM control, the output inductor value L can also be selected
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Fig.22.  Block diagram of the optimization procedure employed for maximiz-
ing the efficiency of the hybrid TCM control.

smaller, which can achieve higher power density than TCM.
Therefore, another extension optimization algorithm for achiev-
ing higher power density can be executed. Therefore, the initial
parameter L is iterated in a certain range. The inner optimization
algorithm is considered as an inner loop calculation at this time.
It means the calculation should be run every iteration of L.
After the data process, the switching frequency as well as the
related losses versus the output inductor value can be obtained.
According to the limits of switching frequency and power losses,
the highest power density design can be determined finally.

B. Inner Optimization Results for Better Performance

The more detailed inner optimization process and results
are given in this section. Related inverter parameters for this
optimization are the same as shown in Table I, except that the
output inductor value is changed to 30 pH. First, the loss of a
single GaN HEMT and a single inductor versus <y is depicted
under different loads. After that, then related total losses versus
7 can be obtained, which is then used to determine the optimal
~ under different loads. Those results for both topologies are
given in Figs. 23 and 24, respectively.

Considering the PU mode inverter, hybrid TCM will results
in higher losses in high power level (>40%). Only at light loads,
the hybrid control is better than TCM. This can be explained by
the fact that, due to the low switching frequency, the decreased
switching losses cannot compensate the increased conduction
losses. As shown in Fig. 23(d), the highest switching frequency
Jfswmax 18 only several hundred kilohertz under heavy loads.
However, when the output power decreases to 20% load, fiwmax
approaches megahertz level and the related switching losses
become significant, where the hybrid control can replace TCM
for better performance.

For the SP mode inverter, the hybrid TCM control has a
significant impact on the related losses, especially on GaN loss.
As is shown in Fig. 24(c), the optimal v under different loads,
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which are marked with different shaped symbols, increase as
the output power decreases. Furthermore, the related highest
switching frequency points also decrease from 3.3 MHz to
about 1 MHz, which is presented in Fig. 24(d). After the inner
optimization, the hybrid control always has lower losses and
switching frequency than TCM.

C. Extension Optimization Results for Higher Power Density

On the basis of the above analysis, it can be concluded that
hybrid TCM control is more suitable for the SP mode. Therefore,
the discussion in this section is focused on the SP mode. This
extension optimization algorithm is aimed to pick up the lowest
output inductor value to achieve higher power density as much
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as possible. After the optimization algorithm is executed, the
GaN HEMT loss, inductor loss, and related switching frequency
for hybrid TCM are calculated and depicted in Fig. 25. Both
GaN loss and switching frequency increase as the inductor value
decreases. As for the inductor loss, it remains almost unchanged.
This is because the inductor volume is reduced with lower
inductor value. When the inductor value is lower than 10 pH, the
related TCM switching frequency will become extremely high.
The magnetic material for radio frequency is selected, which
lead to a significant increment of the inductor volume and loss.

Therefore, the optimal output inductor value is mainly limited
by two factors, including the switching frequency limit fj;,, and
the power dissipation limit Pj;,,. According to the literature
[16], fiim can be defined as 3.5 MHz. In this article, Py;y, can
be calculated as

TI - Tam

-Plim =
Ryja

(36)
where T is the limited junction temperature and T, is the
ambient temperature, while Ryjs is the junction-to-ambient
thermal resistance. If both limits are determined, the optimal
output inductor value can be obtained finally. The deeper-gray
area represents the optional parameter range and the optimal
point is marked by a pentagram. As is shown in Fig. 25(b), the
deeper-gray area is limited by P);,;, and the optimal output induc-
tor value can be selected as 10 ©H. In contrast, the deeper-gray
area in TCM is limited by fj;;,, and the optimal inductor value
is only 34 pH. In a conclusion, the optimal hybrid control can
achieve higher power density than TCM.

VI. EXPERIMENT RESULTS
A. Prototype of the Single-Phase Inverter

Finally, a single-phase inverter prototype is built with GaN
HEMTs to verify the proposed hybrid TCM method, which is
shown in Fig. 26. The design parameters of the converter are
listed in Table II. The inverter topology is selected as the SP
mode. For achieving high power density, the inverter is designed
as a four-layer-stacked structure. It consists of the power board
with semiconductors, the auxiliary supply and gate driver board,
the measurement and control board, and the output stage board
from bottom to top. To make the inverter more compact, the
traditional large dc-link capacitor is replaced by an active power
decoupling circuit [39]. The designed dc side decoupling circuit

6809

Interleaving phase A

PRy T e

L

Interleaving phase B

yout €1°1

Yout 9¢°7

3.14 inch
(b)

Fig. 26. Prototype of two-phase interleaved 1-kW megahertz single-phase
inverter: (a) front view; (b) top view.

TABLE II
PARAMETERS OF THE PROTOTYPE

Part. Description Value
Input voltage V. 400V
Output voltage Vi, 220V,50Hz
Main Rated output power P, 1kW (4 leg)
Topology Switching frequency f;,, 300kHz-3MHz
Output stage inductance L 34uH
Filter capacitance Cy 3.3uF
) Decoupling inductance L, 30uH
Decpupl}ng Buffer capacitance Cy 66uF
Circuit oo .
Switching frequency f; 300kHz
GaN HEMTs Part No. GS66502B
Part No. TMS320F28379S
MCU Clock frequency F 200MHz
Control cycle Tjsz Sus

is configured by a synchronous buck converter with two GaN
HMETs, a decoupling inductor, and buffer capacitors. The dc
side current ripple can be compensated by storing/releasing the
energy in/from the buffer capacitor. Compared with 0.5-mF
bulk capacitors, the buffer capacitance is reduced to 66 pF.
Furthermore, the two-phase interleaving technology is applied
for higher power conversion. Finally, the rating power achieves
1 kW and the power density achieved by this prototype is around
120 W/in®.

B. Verification of Inner Optimization Algorithm

Fig. 27 shows the typical experimental waveforms of both
TCM and the hybrid TCM after inner optimization. From the
switching-cycle waveforms at two instants, it can be known that
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Fig. 27.  (a) Experimental waveforms at 400 V4., 220 V,, when the inverter

operates in pure TCM and related FFT analysis result of output voltage. (b)
Experimental waveforms at 400 V4., 220 V,c, when the inverter operates in
optimal hybrid TCM and related FFT analysis result of output voltage.

ZVS is well maintained during the line cycle and the highest
switching frequency is only about 1 MHz. When this inverter is
controlled by pure TCM, the switching frequency will increase
to 2.2 MHz, which is harder for digital-control implementation.
The total harmonic distortion (THD) of the output voltage is
also compared between TCM and hybrid TCM. Both are well
controlled as sinusoidal shapes. Furthermore, THD of the output
voltage is analyzed under different output power. As shown in
Fig. 28, the THD in hybrid TCM is usually higher than that in
TCM. However, when the inverter operates at light loads, the
switching frequency of TCM over the line cycle will be close to
the highest frequency. The digital control by DSP becomes not
very accurate at this time, which leads to higher THD in TCM.

Large inductor current ripple is shown in the above waveforms
and it will add to the burden and increase the size of output stage
filter including EMI filter. Two-phase interleaving can also help
to achieve better performance. Two phases usually operate with
180° phase shift to have the ripple cancellation benefit for the
total output current. Fig. 29 shows the related waveforms of
inductor currents and total current in phase A. It can be seen that
good interleaving is achieved during the line cycle.

Fig. 30 is the measured total efficiency at 400 V4. input and
220 V,. output condition. The peak efficiency is close to 98%
with the optimal hybrid TCM. Nearly the same efficiency is
achieved in TCM. However, when the output power drops to
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Fig. 29.  Open-loop interleaving waveforms for eliminating the large current
ripple.
98%
A
N
\ 1.2
\ —~
o7% | h Y —=—TCM T
o —=— Hybrid TCM §
%) :
S - A fumax(Hybrid TCM) %
é 96% | 1.1 ?',-
w i
; 2
\A\ _E
95%]| ~ £
S (/;J
a _ 110
T~ -a
94% 1 I | | !
200 400 600 800 1000
Output Power(W)
Fig. 30. Measured efficiency comparison between hybrid TCM and TCM.



LIU et al.: GAN-BASED MHz SINGLE-PHASE INVERTER WITH A HYBRID TCM CONTROL METHOD

i Hybriii
™M

<™

Vour| | —

PWM[ 1
updat Sus
S W S| S’ e oo S o T
V.errdr : E
(unit:Tch) j B S A S 1 R E
- = =)
Fig.31. Simulated closed-loop digital control of TCM and hybrid TCM when

the inductance is 10 pH (V. error is the calculated voltage error between the
reference voltage and the sampling voltage. The variable use digitalized and
normalized value to the MCU clock cycles).

200 W, the measured efficiency of the hybrid TCM will become
0.8 % higher than TCM.

C. Verification of Extension Optimization Algorithm

According to Fig. 25, the output inductance can be reduced
from 34 to 10 pH to improve the power density further in hybrid
TCM. At this time, the switching frequency of TCM is up to
7 MHz, which is almost impossible to be implemented in both
hardware and software. In terms of software level, both TCM and
hybrid TCM control is implemented by a single MCU. Different
control functions should be executed in a series, so that the
total control cycle takes 1000 system clock cycle to complete.
As shown in Table II, the total control cycle is 5 us, which is
longer than the switching cycle. Compared with hybrid TCM,
the switching cycle in TCM is much smaller than the control
cycle. When the same control interrupt is executed, a severe
voltage error oscillation will occur. Fig. 31 shows the simulation
waveform. There is a significant oscillation in TCM inductor
current, which lead to very high THD of the output voltage. In
contrast, the inductor current in hybrid TCM is controlled very
well due to much lower switching frequency.

As for hardware level, the suitable core material is also a
challenge for TCM. At such a high frequency, most magnetic
core used for power conversion will cause very high losses.
If the TCM inductor is designed by core material for radio
frequency, the size of the inductor will increase due to much
lower permeability. In contrast, the inductor for hybrid TCM can
be designed more impact due to the lower switching frequency.
The new designed inductor for hybrid TCM has 50% volume
reduction, which is shown in Fig. 32. The power density with
unchanged boards increases to 135 W/in?. If the related PCB
board is redesigned for new inductors, the power density is
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Fig.32.  Output inductor volume reduction for higher power density in hybrid
TCM.
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Fig. 33.  Experimental waveforms at 400 Vq¢, 220 Vacrms, when the inverter
operates in optimal hybrid TCM for higher power density.
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Fig. 34. Comparison between measured efficiency for hybrid TCM and cal-

culated efficiency for TCM.

estimated to be 192 W/in? through 3-D CAD simulation. In this
article, all the experimental results are based on the same PCB
boards.

Fig. 33 shows the typical experimental waveforms of the hy-
brid TCM after extension optimization. More QCFTCM region
is operated and the highest switching frequency is managed to
1.2 MHz. Fig. 34 shows the related measured efficiency at 400
Vdc input and 220 Vac output condition. Due to the extremely
high switching frequency of TCM (up to 10 MHz) at this time,
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the calculated TCM efficiency is given for comparison. It can
be seen that the efficiency of hybrid TCM is always higher than
TCM. Especially under light load conditions, the efficiency of
hybrid TCM is nearly 4% higher than TCM.

VII. CONCLUSION

It can be concluded that the huge variation of switching
frequency in a TCM-based symmetrical inverter will yield ex-
cessive switching losses and decrease the overall efficiency,
especially under light load conditions. Through the hybrid TCM
control with ZV'S turn ON proposed in this article, the extremely
high switching frequency range can be eliminated and the effi-
ciency can remain almost the same as the pure TCM operation at
rated power, even higher under light loads. On the other hand, the
hybrid TCM will expand the limits of related parameter design
and further increase the power density. Finally, an interleaved
megahertz single-phase inverter is implemented to verify the
proposed method. The power density achieves 120 W/in?, and
the peak efficiency is up to 98%.

APPENDIX

Before calculating the related core loss, the parameters of the
designed inductor are given below.

Winding turns N; Core path length L.; Core permeability (.

For the LF component, the peak flux density is calculated as

N \/51 load
L. ’

Substitute (A1) into (29), the LF core losses for Both TCM
and Hybrid TCM are given as

By, = (A1)

N\/i-[load )5

PC,HF = ‘/Ckfllilnc : (N’ L

(A2)

As for the HF component, the related the ac flux swing AB
for TCM and QCFTCM section can be calculated respectively,

N+21 sin wt

ABy = ‘uw (A3)
N(Lyeq t I, t

AB(q) =1 ( p k(Q)(2?L—: 9(’1)( )) (A4)

Substitute (A3) and (A4) into (30), the HF core losses for
Hybrid TCM are given as

Tine _ YTline
2 1
Pc,HF =Q- 1 fsw(t) (t)a ’ (ﬁlload Sin(—‘)t)ﬁiadt
%
'YTlliue T o
YL line
0
Loy (8) + 1, £\
) < peak(q)( );’ neg(q)( )) dt (A5)

with Q = QTYJ . (“L—N)*B’O‘. When = is equal to zero, the con-

duction loss for TCM control can also be obtained.
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