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Analysis and Control of Critical Conduction Mode
High-Frequency Single-Phase Transformerless
PV Inverter

Gibong Son
and Fred C. Lee

Abstract—This article presents a critical conduction mode
(CRM) single-phase transformerless full-bridge inverter in a resi-
dential photovoltaic system. The CRM full-bridge inverter in bipo-
lar mode features zero-voltage switching capability for the whole
line cycle. This enables the inverter to push switching frequency
up to hundreds of kHz and achieve high power density with high
efficiency. However, CRM operation incurs nonconstant common
mode (CM) voltage during the resonant period, causing high fre-
quency leakage current. To minimize the leakage current, a new
switching modulation strategy is proposed introducing triangular
current mode (TCM) near the ac voltage zero crossing. The switch-
ing modulation scheme alleviates the CM voltage by shortening
the resonant period and consequently reduces the leakage current.
Then, discontinuous conduction mode is inserted between the CRM
and TCM operation regions to improve light load efficiency. In
this article, the basic operation principle of the CRM full-bridge
inverter, impacts of CRM operation on the leakage current, and
details of the proposed switching modulation method are discussed.
Experimental results with a 2.4-kW prototype built with GaN
devices validate its performance.

Index Terms—Critical conduction mode (CRM), leakage
current, soft-switching, single phase transformerless PV inverter,
triangular current mode(TCM), zero-voltage switching.

I. INTRODUCTION

N RESIDENTIAL photovoltaic (PV) systems, and particu-
larly those considered to be 2 to 8 kW power level, single-
phase transformerless inverters have been widely used [1]-[3].
Unlike conventional PV inverters, the transformerless PV in-
verter does not have a line frequency transformer connecting
the inverter to the grid; this enables the PV system to have a
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simple structure and accomplish high efficiency. Despite the
removal of the transformer, products in the market have power
density lower than 10 W/in? with 97-99% peak efficiency. Since
using Si-based power devices limit the switching frequency of
the inverter to around 20-30 kHz in order to reduce switching
loss, passive components become large, thus impeding high
power density. The switching loss of the power devices has
been a bottleneck for further improvements in power density
and efficiency.

As a result of remarkable developments in wide-bandgap
(WBG) devices in the past few years [4]-[7], switching
frequency is likely to be pushed to higher levels due to better
figure of merit. For example, with a small total gate charge, Qg,
and no reverse recovery charge, Qrg, turn-ON and turn-OFF
energy of GaN devices is much smaller than those of Si-based
devices. Nevertheless, it is still challenging to push switching
frequency up to several hundreds of kHz in continuous
conduction mode (CCM) because of high turn-ON loss by
hard-switching. Hence, soft-switching turn-ON is essential for
higher frequency operation.

Research has been extensively conducted on critical con-
duction mode (CRM) operation with WBG devices in ac-dc
rectifiers and dc-ac inverters running at very high switching fre-
quency [8]-[13]. In CRM, when inductor current reaches zero,
the inductor and the output capacitors of the switches resonate.
During the resonant period, the drain-to-source voltage of the
active switch goes down to zero and zero-voltage switching
(ZVS) can be achieved eliminating the turn-ON loss. The fact
that the turn-ON energy of a GaN device is dominant and the
turn-OFF energy is negligible renders CRM more attractive with
the GaN device. Although CRM enlarges the peak and the rms
value of the inductor current leading to higher conduction loss
and turn-OFF loss, the substantial turn-ON loss reduction makes
up for the increased losses. It can be implied from previous
works that for residential PV inverters, there is a great chance
to enhance power density with high efficiency by operating in
CRM with GaN devices.

Incidentally, the leakage current issue needs to be considered
in a transformerless PV inverter since a galvanic connection
between the grid and PV panel exits. The leakage current
flows through the stray capacitance of the PV panel, and that
might cause a serious safety problem. Based on an international
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Fig. 1.  Single-phase transformerless full-bridge inverter with GaN devices.

standard requirement [14], the rms value of the leakage current
needs to be suppressed below 300 mA. In an effort to resolve
the issue, a variety of inverter topologies have been introduced.
The leakage current can be reduced by cutting the path between
the PV panel and the grid at either the dc side [15]-[20] or the
ac side [21]-[23]. Making the inverter a perfect symmetrical
structure as explained in [24] is also a very effective way
to solve the problem. Among the topological approaches, the
full-bridge inverter shown in Fig. 1 with bipolar pulse width
modulation (PWM) is regarded as the simplest and the most
effective topology from the leakage current suppression point of
view. In CCM, the common mode (CM) voltage of the inverter,
a source of high frequency leakage current, remains constant,
resulting in no high frequency leakage current. It is imperative
the leakage current is still kept very small in CRM operation;
however, analysis of the leakage current in a transformerless PV
inverter operating in CRM has not yet been studied.

This article explores a CRM full-bridge inverter with bipolar
PWM for a single-phase transformerless PV inverter. Section II
explains the power stage operation and inherent ZVS capability
of the inverter in detail. In Section III, the leakage current in
a transformerless PV inverter is briefly reviewed, as well as an
analysis of how CRM operation affects the leakage current. A
new switching modulation scheme for leakage current reduction
is proposed in Section IV. Moreover, based on the proposed
control method, further modified control is introduced to address
the tradeoff between efficiency and leakage current. In Section V,
experimental results with a laboratory prototype are provided to
evaluate the performance of the proposed switching modulation
strategies. Lastly, the article is concluded in Section VI.

II. CRITICAL CONDUCTION MODE FULL-BRIDGE INVERTER
‘WITH BIPOLAR PULSE WIDTH MODULATION: OPERATION
PRINCIPLES ANALYSIS

The operation modes of a CRM full-bridge inverter with
bipolar PWM in one switching cycle at the positive half line
cycle are illustrated in Fig. 2. For easier understanding, the EMI
filter and the stray capacitance of the PV panel, Cpy in Fig. 1, are
omitted here. Also, itis assumed that the ac voltage V, is constant
for each switching cycle. During the positive half line cycle, Q;
and Q act as active switches, and Q2 and Qs act as synchronous
rectifiers (SRs). There are two resonant periods as in Fig. 2(b)
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(d

Fig. 2. CRM full-bridge inverter with bipolar PWM operation modes in one
switching cycle at the positive half line cycle. (a) Active switches ON. (b) First
resonance. (c¢) SR switches ON. (d) Second resonance.
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Fig. 3. Switching cycle behavior of CRM full-bridge inverter with bipolar

PWM. (a) Ly inductor current and drain-to-source voltage Q; waveforms. (b)
State-plane trajectory of L; inductor current and drain-to-source voltage of Q1.

and (d) when all switches are turned OFF. The second resonance
is observed in CRM operation, but not in CCM operation, that
is, the key part for achieving ZVS. In Fig. 3(a), gate signals for
Q1—Qy, L1 inductor current i7,1, and drain-to-source voltage of
Q1 Vbs_qi foraswitching cycle are depicted. The corresponding
state-plane trajectory for Z,ir, versus Vpg g1 are plotted in
Fig. 3(b) where Z,, is the characteristic impedance of the inverter
during the resonant periods, L is equal to sum of L; and Ly, and
Coss 18 the output capacitance of each switch, respectively.

Stage I [tp—t; Interval]: Active switches Q; and Qg are turned
ON as shown in Fig. 2(a). During this period, the inductor
current increases. L current and Q; drain-to-source voltage are
expressed as

VDs_Ql(t) =0
Vbc =V,
L

Stage 11 [t —t» Interval]: When the active switches Qq and Qg4
are turned OFF, the inverter forms the second-order LC circuit as

(1a)

i1 (t) = (t —to). (1b)



13190

shown in Fig. 2(b) in which the output capacitors of all switches
Q;—Q4 and inductors L, and Lo participate in the resonance. L,
and L, inductor currents charge the output capacitors of Q; and
Q. and discharge those of Q2 and Qs. This period lasts until the
drain-to-source voltage of the active switches reaches Vpc

-V, + W V,— W
Vbs_q1(t) = —2 —; e ) 5 pe coswo(t —t1)
+Ilen sinwo(t - tl) (221)
V, — W
i1 (t) = gTDC sinwo(t — t1) + Ip1coswo(t —t1) (2b)
1
wo = Toss (20)

where [;,1 is the initial inductor current value at 7; instant and
wo is the resonant frequency of the circuit. During this period,
Vbs_qu1 increases from zero to Vpc.

Stage Il [to—ts Interval]: When Vpg_q1 reaches Vpc, the
inductor current flows through Q, and Q3 as shown in Fig. 2(c).
First, the GaN devices are reversely conducted. Although there
is no body diode, the current can flow from source to drain that
is one of the notable features of GaN devices. Then, Qs and Qg3
are turned ON as SRs to reduce the conduction loss. The turn-ON
instant for Q2 and Qs can be anytime between f2 and f3, but
it is better to be close to 72. Normally, the turn-ON instant is
determined by the required minimum deadtime between active
switches and SRs to avoid shoot-through; this is because the
required deadtime is longer than the time interval during Stage
II. The inductor current decreases, and this period lasts until the
inductor current touches zero

Vbs 01(t) = Vbe (3a)
. ~Voc -V,
zL1<t)::4——1927———€(t47t2)+71L2 (3b)

where [;,5 is the initial inductor current value at 7, instant.

Stage 1V [ts—t; Interval]: When the inductor current touches
zero, the SRs are turned OFF. Then, the second resonance begins
with the initial condition Vpc for Vpg g1 and zero for ip,
respectively. The inductor current becomes negative and the
drain-to-source voltage of Q starts to decrease and reach zero
as follows:

—Vy + Vbe
2
Vo+Vbe
27,

Vo+Vbe

Vbs o1(t) = coswo(t —t3) (4a)

iLl(t) = sin wo(t — t3). (4b)

Stage V [t,~t5 Interval]: When Vps g1 becomes zero, Qg
and Q, switches are conducted as shown in Fig. 2(a). However,
the inductor current direction is different from Stage I and the
switches are reversely conducted. Equations for L; current and
Q; drain-to-source voltage are exactly the same as (1) except
that Stage V has the initial current. The active switches can be
turned ON at any time during Stage V.
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By combining the two equations in (4), the following expres-
sion for the state-plane trajectory is yielded

Voo — V., \ 2 Vi V. \ 2
(%ny+<%S@_ImQ>:<rw+g>,

2

&)

It can be seen from (5) that the center of the trajectory, (Vpc —

V)2, is always smaller than the radius of the trajectory during

Stage 1V, (Vpc + V,)/2. This ensures that the drain-to-source

voltage of Q; always reaches zero at the end of Stage IV and

Q; and Qg are conducted in the reverse way. Since the active

switches are turned ON after ¢, the full-bridge inverter in bipolar

mode can attain ZVS intrinsically, irrespective of operating
conditions.

III. LEAKAGE CURRENT ANALYSIS IN CRM FULL-BRIDGE
INVERTER WITH BIPOLAR PWM

A. Leakage Current in Transformerless PV Inverter

In a transformerless PV inverter system, there are two types of
leakage currents [25]. One type is line frequency leakage current,
iLk_r. and the other is high frequency leakage current, 41 _fr as
illustrated in Fig. 4. The line frequency leakage current is some
part of the current coming out from the PV panel. Most of the
current goes back into the inverter itself, but a small portion flows
through the stray capacitance and becomes the line frequency
leakage current. The high frequency leakage current comes out
from the switching node of each phase leg, nodes a and b, and
goes back into the switching nodes again. It should be mentioned
that the single-phase ac system in which the earth ground is

(b)

Fig.4. Leakage current path. (a) Line frequency element coming out from the
PV panel. (b) High frequency element coming out from switching node of each
phase leg.
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Fig. 5. Line frequency leakage current of transformerless PV inverter.
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Fig. 6. Equivalent circuit model for high frequency leakage current. (a)

Expressed with switching node voltage Vv and Vy n, (b) Expressed with Vg,
and Ve

connected to one terminal of the ac voltage is solely taken into
account here.

As for the line frequency element shown in Fig. 5, it is
generated by the voltage across the stray capacitance, Vpy, over
the line cycle and presented as

Ik L (t) = Cpy dVZi\t/(t) = —wQva\/i Cos wyt (6)
where w, represents the frequency of the ac voltage. The line
frequency leakage current is normally small (about tens of mA at
most) under wet weather conditions, such as after arainy day and
condensation in the morning. Yet, it is hard to avoid and control
the line frequency leakage current, as half of the ac voltage is
always excited across Cpy [26].

When it comes to the high frequency element [27], the voltage
on the switching nodes of the inverter (V,y and V) becomes
the source of the leakage current illustrated in Fig. 6(a). Again,
the EMI filter is left out for a simpler explanation. Also, to
consider only the high frequency elements of the circuit, the
ac voltage is shorted. In Fig. 6(b), the switching node voltages
are separated into CM voltage V.., and differential mode voltage
Vam defined as follows:

Van +Vin
2

Vam = Van—Vin.

‘/CIII = (73)

(7b)
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On the assumption that the output inductors L; and L, are
perfectly identical, the two voltage sources including the Vg,
term can be cancelled out. Then, it has no impact on the high
frequency leakage current such that V., is the only source. Con-
sequently, the equation for the high frequency leakage current
in Laplace domain is given by

L H) = L /L) + (1/5Cpv)

It can be inferred from (8) that one can suppress irx g by
keeping V., constant. In other words, no variation in V., makes
it possible to get rid of the high frequency leakage current
entirely. To summarize, the line frequency leakage current is
very small, but hard to control; however, the high frequency
leakage current can be controlled by having constant V.

®)

B. Impact of CRM Operation on Leakage Current

A full-bridge inverter with bipolar PWM operating in CCM
has been regarded as the best configuration from the leakage
current suppression perspective because V., is always kept con-
stant as Vpc/2. This system achieves a completely symmetrical
structure, such that the high frequency noise source at each phase
leg, mostly dv/dt at the switching node, cancels each other [24].
In this section, the impact of CRM operation on the CM voltage,
and how the high frequency leakage current is generated, are
explored in depth.

Fig. 7(a) and (b) shows the switching cycle waveforms of
the CRM full-bridge inverter and CCM full-bridge inverter in
bipolar mode without (solid line) and with (dotted line) the
line frequency leakage current for the positive half line cycle,
respectively. It should be noted that the first resonant period
(Stage II) described in Section II is assumed to be very short and
negligible compared to the second resonant period (Stage IV),
and is not considered for the leakage current analysis in Fig. 7.
As for the CRM case, without the line frequency leakage current,
the CM voltage remains constant as Vpc/2 since V,n and Vi
change at the same rate during the resonant period, 75—, which
only exists in CRM operation assuming Q1/Q,4 and Q2/Qgs are
switching complementarily. With the line frequency leakage
current, though the element is very small, it brings a notable
implication on the system. The small difference of i;,; and iz
expressed as ik 1,7 and ik 12 due to the line frequency leakage
current i1y s brings about the zero-crossing timing mismatch
for the inductor currents. Then, the resonance starting points
of switching nodes V,y and V}, ;y become inconsistent with each
other such that abump appears in V., ; this is marked as the green
shaded area in Fig. 7(a). The CM voltage is no longer constant.
Eventually, the nonconstant V,.,,, becomes the source of the high
frequency leakage current in the system. Due to the inherent
operating status in CRM, the resonant period, the CM voltage
variation occurs. This phenomenon is not important in CCM
operation as shown in Fig. 7(b), because SRs are conducted
reversely (interval 73—t4) before the active switches are turned
ON, and there is no such resonant period. It is clearly seen
that there is no bump in the CCM case, even though the line
frequency leakage current exists. Basically, the penalty of using
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Fig. 7. Switching cycle waveforms of (a) CRM full-bridge inverter in bipolar
mode and (b) CCM full-bridge inverter in bipolar mode without (solid line) and
with (dotted line) the line frequency leakage current. The green shaded area in
Vem represents nonconstant part that becomes a source of the high frequency
leakage current in (a).

CRM to achieve ZVS for high efficiency and high power density
is the additional CM noise source causing larger leakage current.
Please note that the figure depicts the switching cycle at which
the line frequency leakage current is negative. When the line
frequency leakage current is positive, the bump in V., appears
in the opposite direction.

The variation of the CM voltage is dependent on the mag-
nitude of the line frequency leakage current and the switching
frequency of the inverter. For instance, the zero-crossing mis-
match of the two inductors becomes more severe with a larger
line frequency leakage current. In addition, the resonant period
takes up a greater proportion of one switching cycle if switching
frequency is high [10]. As shown in Fig. 5, the line frequency
leakage current is the largest at the ac voltage zero crossing.
Besides, the switching frequency of the inverter in CRM also
becomes higher as the ac voltage approaches zero crossing due
to small inductor current. Thus, it is expected that, near the ac
voltage zero crossing, the bump in V., is much larger and longer
than the ac voltage peak area.

Fig. 8 compares the CM voltage at the peak and near the zero
crossing of the ac voltage. It clearly shows that V,,,, becomes
more severe near the ac voltage zero crossing as compared
with the ac voltage peak area producing more high frequency
leakage current. Thus, careful attention needs to be paid near the
ac voltage zero crossing to control the high frequency leakage
current.

IV. PROPOSED SWITCHING MODULATION STRATEGIES FOR
LEAKAGE CURRENT SUPPRESSION

When the dc-ac inverter operates in CRM, the switching
frequency varies over the line cycle, as shown by the blue

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 11, NOVEMBER 2021
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Fig.8. CM voltage comparison at the peak of ac voltage and near zero crossing

of ac voltage.

line in Fig. 9(a). This is based on the accurate mathematical
model for the switching frequency of ac-dc converters in CRM
introducedin [11]. The wide variation of the switching frequency
is not desirable because of a burden upon control and increased
switching loss. One simple way to shrink the frequency range
is to use discontinuous conduction mode (DCM) near the ac
voltage zero crossing [ 12]. Fig. 9 depicts the switching frequency
distribution of the CRM full-bridge inverter in bipolar mode,
and how to limit the switching frequency with DCM. Here,
when the frequency is higher than a specific level, 1 MHz (red
shaded area), turn-ON for the active switches is delayed, such that
the inductor current resonates after the inductor current comes
back to zero from negative value. The delay continues until
one resonant cycle ends as illustrated in Fig. 9(b) representing
Region I in Fig. 9(a) and is expressed in terms of the inductor
and the output capacitance of the power devices

27
Tdelay,regionl = ; =27 V LCoss~ 9
0

If the switching frequency exceeds the limit even with the
resonant cycle delay, another resonant cycle delay is added as
shown in Fig. 9(c) [Region II in Fig. 9(a)] given as

2T
Tdelay,regionH =2 ; = 47T\/LTOSS.
0

(10)

With this method, the switching frequency of the inverter can
be clamped and plotted as the red line in Fig. 9(a). However, it
can be inferred that introducing DCM near zero crossing gives
rise to larger high frequency leakage current as the elongated
resonant time worsens V¢, as shown in Fig. 9(b) and (c).

A. Approach I: CRM + Triangular Current Mode

In order to avoid the lengthened resonant time with DCM,
triangular current mode (TCM) is adopted near the ac voltage
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Fig. 9. Clamping maximum switching frequency with DCM. (a) Switching
frequency distribution (blue line: CRM, red line: DCM). (b) Waveforms of Q;—
Q4 for DCM, iz and V., for CRM (blue dotted line) and DCM (red line)
in Region 1. (c) Waveforms of Q1—-Q4 for DCM, ir,1 and V¢p, for CRM (blue
dotted line) and DCM (red line) in Region II.

zero crossing instead of DCM. When the switching frequency is
higher than the maximum frequency limit, the OFF-time of the
active switches is extended by turning ON the SRs for a longer
period of time, so called OFF-time extension. By using OFF-time
extension, the inductor current becomes a triangle-like shape and
has alarger negative inductor current. The resonant period can be
shortened by means of larger energy stored in the inductor. Thus,
variation of V., is minimized as shown in Fig. 10(b) compared
to that in CRM. Originally, TCM is employed to achieve ZVS
when energy stored in the inductor is not enough to discharge
the output capacitors of the active switches [8], yet here it is used
for the high frequency leakage current reduction. By combining
CRM and TCM, the full-bridge inverter with bipolar PWM can
always achieve ZVS and suppress the leakage current with a
narrow switching frequency range.
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Fig. 10. Clamping maximum switching frequency with TCM. (a) Switching
frequency distribution in half line cycle (blue line: CRM, light blue line: TCM).
(b) Waveforms of Q1-Qy for TCM, iz,1 and V¢, for CRM (blue dotted line)
and TCM (light blue line).
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Fig. 11. Line cycle simulation waveforms comparison. (a) CRM + DCM.
(b) CRM + TCM.

Fig. 11 shows simulation results comparing CRM + DCM and
CRM -+ TCM cases for two-line cycles under full load condition.
The system specification is organized in Section V. Itis observed
that the CRM + TCM method has much smaller V., near the ac
voltage zero crossing resulting in a significant reduction in the
rms value of the leakage current. However, the rms value of the
inductor current rises substantially due to the enlarged negative
current by the OFF-time extension. This definitely causes extra
losses, especially conduction loss and turn-OFF loss of the GaN
devices; thus, efficiency is reduced. (The turn-OFF loss is minor
due to the minute turn-OFF energy of GaN devices; therefore,
the conduction loss will be sorely considered in the following



13194
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Fig. 12.  Switching frequency distribution with CRM + TCM under different
load conditions.

discussion.) Assuming that the maximum clamping frequency
is always fixed at 1 MHz regardless of load conditions, it is
anticipated that the conduction loss by the large current ripple
soars under the light load condition since the TCM operation
accounts for a higher portion compared with the heavy load
condition, as shown in Fig. 12. In [28], the measured efficiency
of the inverter with the CRM + TCM method drops rapidly as
the output power decreases. For the PV inverter, the light load
efficiency is as important as the heavy load efficiency because of
a term called “weighted efficiency” that takes into account the
light load efficiency in accordance with the inverter operating
profile for a day.

B. Approach II: CRM + DCM + TCM

Furthering [28], a new modulation strategy is proposed to
compensate for the disadvantage of Approach I. Based on obser-
vation of the simulation results in Fig. 11, there is still sufficient
margin to the leakage current requirement when the CRM full-
bridge inverter runs in combination with TCM. Therefore, the
leakage current is slightly sacrificed in order to reduce the large
inductor current ripple. This can be done by adding the DCM
operation into Approach I. The key idea of the new approach is
a tradeoff between the leakage current and the efficiency.

The DCM operation is inserted between CRM and TCM as
represented in Fig. 13. The reason why DCM is not placed next
to the ac voltage zero crossing is to avoid extreme V., and

Switching Frequency

3
25
2
~
= 15
-
1
0.5
ol CMDCM DCM TCM
0° 90° 180°

1]

Fig. 13.  Switching frequency distribution with CRM + DCM + TCM mod-
ulation (blue line: CRM, red line: DCM, light blue line: TCM).
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Fig. 14.  Switching frequency distribution with CRM 4+ DCM + TCM under
different load conditions.
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Fig. 15. Line cycle simulation waveforms with CRM + DCM + TCM.

larger leakage current. As shown in Figs. 9(c) and 11(a), V¢,
deteriorates dramatically as the ac voltage draws near the zero
crossing because more than one resonant cycle delay is given for
the DCM operation. It is possible to widen the DCM operation
area, but a price would be paid in terms of an increase in the
leakage current. Thus, here, DCM is introduced in a small area
where only one resonant cycle delay is given, as depicted in
Fig. 9(b). As a result, the switching frequency distribution over
the line cycle becomes as shown in Fig. 14 under the different
load conditions.

Fig. 15 shows the simulation waveforms of the proposed
method under full load condition. In comparison with Fig. 11
(b), it is noticed that V., in this case deteriorates due to the
lengthened resonant period for the DCM operation; that gives
rise to larger leakage current. Although the leakage current
increases by 41 mA, there is still enough margin to the required
value, and the rms value of the inductor current decreases by
0.9 A, which helps to improve efficiency.

It should be noted that in Figs. 10(a) and 13, the switching
frequency in the blue shaded area, the TCM region, is fixed
as constant value. It is possible to further lower the maximum
switching frequency to reduce switching loss, but the inductor
current ripple increases, causing even larger conduction loss in
such a case. Switching loss and conduction loss can also be
another tradeoff for designing the inverter. Furthermore, the
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maximum switching frequency does not have to be constant with
TCM. For example, it can linearly increase or decrease as being
close to the zero crossing. There are diverse options to select
the maximum switching frequency; however, since it is not the
main focus of this work, it will be left open. In summary, by
combining CRM and TCM, a full-bridge inverter with bipolar
PWM can effectively suppress the leakage current with a narrow
switching frequency range. Introducing DCM in a small region
between CRM and TCM can supplement efficiency with reduced
conduction loss.

C. Control Structure of the Proposed Method

Fig. 16(a) represents the overall control structure of the pro-
posed switching modulation method, particularly Approach II.
The input voltage Vpc, the ac voltage V,, and the inductor
current i, are sensed, and zero crossing of the inductor current
is detected (ZCD) in order to control the inverter. The inductor
current is averaged by a low pass filter and controlled to track
the output ac current reference i, ,o¢. The average current com-
pensator outputs the control signal v, which denotes ON-time
for CRM and DCM and duty cycle for TCM [8]. This value is
employed to generate PWM signals.

First, the operation mode of the inverter is pre-determined
with look-up tables. With given input voltage, ac voltage and

odf, o - [
L, i
+
Ve Vg
(]
{ i, avg
.04 G oCRM & DCM -0 S
A |Qua| i Ve |Avg. current| @ "
T control o2 )
Q. Qs E o TCM —0
Operation Modef«— Vnc
0, K Z Vi rms
CRM/DCM/TCM s et s
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PWM Generation
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& elay cry j( ZCh
ol Tl
R <'77—o
Quu M Vsaw
<« (Variable Freq.) — V.
‘X TCM '77_2[
M v,
(Fixed Freq.)
(b)
Fig. 16. Control structure of the proposed modulation method. (a) Overall.

(b) Details of PWM generation for CRM/DCM/TCM mode.
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load conditions, the switching frequency distribution and the
operation mode shown in Fig. 14 can be obtained. According
to the phase angle information, 64, of the ac voltage from the
phase locked loop (PLL) function, the operation mode is selected
over the line cycle. It is worth noting that the calculation of
the switching frequency can be executed online and so can
the operation mode selection, but it requires high calculation
capability of microcontrollers due to the high calculation burden.

With the operation mode selected at a certain moment, the
control signal v, is processed in different ways, as shown in
Fig. 16(b). For example, for CRM and DCM, the ZCD signal
is necessary for the variable switching frequency. The ZCD
signal acts as the trigger of each switching cycle. Once the
zero-crossing of the inductor current is detected, some delay
is given before the active switches are turned ON. The delay for
CRM is the resonant period during Stage IV to achieve ZVS
derived from (4) as follows:

_ Vpc—Vy
T — arccos (VDC+Vg

wWo

(1)

Delaycrm =

The delay for DCM consists of the time intervals in Stages
IV and V as well as one resonant cycle in (9) to ensure soft-
switching given as

(Vpc—Vy
Dela B ™ — arccos(m) L VDC _ Vg 21
YDOM = wo 2Zy Vpc+Vy  wo
1 Vbe — Vg> Voe — Vg
= — (37 — arccos + .
wo( T (VDc-FVg VDc+Vg
(12)

Then, the turn-OFF instant of the active switches is decided by
comparing the control signal with the carrier signal Vg aw, which
is synchronized with the ZCD signal. Note that the delays for
the CRM and DCM operations can be calculated either offline or
online. When it comes to the SRs, the turn-ON instant is decided
based on the required deadtime. Then, the SRs are turned OFF
when the ZCD signal becomes active.

With regard to the TCM operation, there is no need for the
ZCD signal due to its fixed switching frequency. The turn-ON of
the active switches is triggered by the fixed frequency carrier
signal and the turn-OFF instant is determined by the control
signal. The SRs are complementarily turned ON and OFF in
accordance with the active switches with the deadtime.

V. EXPERIMENTAL RESULTS

A prototype of the single-phase transformerless full-bridge
inverter with the proposed switching modulation strategy is
implemented to validate the performance of the inverter. The
specification of the prototype is organized in Table I. The stray
capacitance is chosen for the worst scenario described in [26]
where the capacitance increases 100 to 160 nF per kW power
due to water on the PV panel.

The photograph of the prototype is shown in Fig. 17. The
hardware consists of GaN devices, driving circuits, input capac-
itors, output inductors, an additional output LC filter, and sensing
circuits. The GaN devices are attached right on the top layer of
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TABLE I
SPECIFICATION OF THE PROTOTYPE

Condition Value
Maximum Load Power ( P, ) 2.4 kW
Input Voltage ( Ve ) 400 V
Output AC Voltage ( Vy) 220 Vrms/60 Hz
Output Inductor ( L;, L;) 35uH

Switching Frequency ( F;) 300 kHz — 1 MHz

Stray Capacitance ( Cpy ) 300 nF

GaN device (Q1, Qx, Qs, Q1) GS66516T (650V, 60A)

(a)

Gate Driver + Power Supply

GaN Device

=
NN A

a~‘..,‘
¥ [RTa |
piar ‘\xh E‘J

Sensing Circuit

P @ ot
PR e

Output Inductor

(b)

Fig. 17.  Laboratory prototype of 2.4-kW full-bridge inverter. (a) Overall view.
(b) Top view.

the circuit board and the heat sinks are attached above the GaN
devices. It should be mentioned that the maximum current rating
for the GaN devices needs to be higher than that of CCM PV
inverter due to the large inductor current ripple. For the gate
driving circuit, SI§271GB is used to drive the GaN device and
powered by an isolated dc-dc power supply, MEJ1S0505. The
additional output LC filter is designed to attenuate output current
ripple in the way that total harmonic distortion (THD) at full load
is lower than 3% for the CRM + TCM case. The cutoff frequency
of the LC filter is approximately 88 kHz (inductor: 3.3 pH for
each, capacitor: 0.5 pF). It can be seen that the additional LC
filter takes up only a small space of the hardware by means of
its high cutoff frequency. A microcontroller, TMS320F28379D,
is externally connected to the prototype to process the sensing
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iLk(‘rms) = 146.2 mA
(a)

Ik 1A/div]

iLk(rms) =54.3 mA
(b)

Fig. 18. Leakage current comparison. (a) CRM + DCM. (b) CRM +TCM.
Both cases under Vpc =200V, V, = 110 V, and P, = 250 W.

information and generate PWM signals. Eventually, the power
density of the prototype is 151 W/inch? (9.25 kW/L) excluding
the input capacitors.

Fig. 18 compares the leakage current of the two switching
modulation methods (CRM + DCM versus CRM + TCM) at
the same operating condition (Vpc =200V, V,=110V,and P,
=250 W). The rms value of the leakage current in the first case
is 146.2 mA, and the other case has 54.3 mA. As expected, the
CRM -+ DCM operation results in much larger leakage current,
and the CRM + TCM operation features better performance for
the leakage current.

Fig. 19 illustrates the ac voltage V,, the output current i,
L; inductor current iz, and the leakage current iz, under half
load (1.2-kW) and full load (2.4-kW) conditions. It is shown
that the output current is sinusoidal and in phase with the ac
voltage. Moreover, the leakage current near zero crossing is
well suppressed. However, at the half load condition, a portion
of TCM is much higher than the full load condition, which
brings about an adverse impact on conduction loss with the large
inductor current ripple.

Waveforms in Fig. 20 represent the same as those in Fig. 18,
except that the inverter is operated with the proposed CRM +
DCM + TCM modulation scheme. One notable difference is
a significant reduction in the inductor current ripple due to a
smaller portion of the TCM operation. At the same time, the
leakage current increases at the cost of the smaller inductor
current ripple. It is noteworthy that the rms current reduction
effect is quite obvious for the lower load condition, which
certainly benefits light load efficiency improvement.

Also, it is worth noting that, on the basis of observing the
leakage current in Figs. 19 and 20, it appears that large turn-
OFF current at heavy load has dominant impacts on the leakage
current near the ac voltage peak area instead of the CM voltage
caused by the resonant period near zero crossing. This is not
covered in this study and left for future work.
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V, [400V/div]

iLkems) = 106.4 mA i, [2A/div]

(a)

V. [400V/div]

iLk(rm.\) =235.2 mA i”‘» |2A/div]
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Fig. 19.  Experimental waveforms of full-bridge inverter with bipolar PWM
operating at CRM combined with TCM. (a) Under 1.2-kW load condition.
(b) Under 2.4-kW load condition.

Fig. 21 shows the Q; gate-to-source signal Vg1, L1 inductor
current iz,1, output current iy, and Q; drain-to-source voltage
Vps1 under the 2.4-kW load condition with the CRM + DCM
+ TCM operation. In Fig. 21, the zoomed waveforms (left: TCM
operation, middle: DCM operation, right: CRM operation) de-
lineate the switching cycle behavior of the inverter showing that
the active switch is always turned ON after the drain-to-source
voltage of the active switch reaches zero in both CRM and
TCM operations. These results match with the analysis of the
operation principle in Section II. In the TCM operation region,
ZVS is always guaranteed since even more energy is stored in the
inductor compared with the CRM operation. An interesting point
is that ZVS can be also achieved in most of the DCM operation
regions. Since one resonant cycle delay is given, as shown in
Fig. 9(b), the inductor current at the active switch turn-ON instant
is mostly zero. The corresponding drain-to-source voltage at this
instant is zero. Based on the results from the experiment, more
than 95% of the DCM operation region can fulfill ZVS. Although
some turn-ON loss is generated by the non-ZVS area, it is minute.

The measured efficiency of the inverter and the leakage cur-
rent for both approaches under different load conditions are
plotted in Fig. 22. With the CRM + TCM method, the rms
value of the leakage current is suppressed below 300 mA under
various load conditions. The peak efficiency of the inverter is
slightly higher than 98% around 80% load condition. However,
efficiency drops rapidly as the output power becomes lower as
expected. This is because of the increased portion of the TCM
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V, [400V/div]

DCM
=260 mA

Large :iu( due to DCM
(b)

i, [20
iy [2A/div]

Fig. 20.  Experimental waveforms of full-bridge inverter with bipolar PWM
operating at CRM combined with DCM and TCM. (a) Under 1.2-kW load
condition. (b) Under 2.4-kW load condition.

™M DI

Fig. 21.  Measured gate-to-source voltage of Q1, L1 inductor current, output
current, and drain-to-source voltage of Q1 under full-load condition (left: TCM,
middle: DCM, right: CRM).

operation leading to larger conduction loss. By combining DCM
and TCM with CRM, efficiency is improved, especially at light
load, by 0.1 to 1.1%. At this time, the peak efficiency becomes
98.1%. Meanwhile, the leakage current increases; however, it
still remains below 300 mA without an additional filter at the
output side.

Fig. 23 compares measured THD of the output current. When
the output power is high (above 60% load), THD of the CRM
+ TCM case is larger than that of the CRM + DCM + TCM
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Fig. 22. Measured efficiency and leakage current under different load condi-
tions with both CRM + TCM and CRM + DCM -+ TCM methods.
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Fig.23. Measured THD of output current under different load conditions with
both CRM + TCM and CRM + DCM + TCM methods.

case because of the larger current ripple at the output current.
However, interestingly, when the output power is low (below
50% load), the result is totally opposite. The main reason is that
the impact of the mode transition becomes more noticeable. This
mode transition causes small ringing in the output current. The
ringing has more impact on THD than the inductor current ripple
atlight load. Since Approach II (CRM + DCM + TCM) has one
more mode transition compared to Approach I (CRM + TCM),
THD of the former method becomes slightly larger at light load
although the inductor current ripple is much smaller than that of
the latter method. The efficiency data in Fig. 22 and THD data
in Fig. 23 are collected by a PZ-4000 power analyzer.

VI. CONCLUSION

In this article, a CRM single-phase transformerless PV in-
verter for residential systems is explored. Regardless of oper-
ation conditions, the CRM full-bridge in bipolar mode always
achieves ZVS, which enables high frequency operation. How-
ever, the small current difference in the two output inductors
caused by the line frequency leakage current leads to noncon-
stant CM voltage during the resonant period, and forms the
high frequency leakage current. In order to suppress the leakage
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current, TCM operation is introduced near the ac voltage zero
crossing. The resonant period becomes shorter, and the CM
voltage is soothed. For the purpose of improving efficiency,
DCM is inserted in between CRM and TCM, sacrificing the
leakage current slightly. The experimental results verify the
leakage current suppression performance of the inverter with
both modulation methods. By virtue of the CRM operation with
GaN devices, switching frequency is pushed above 300 kHz,
and 151 W/in® power density is achieved.
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