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Abstract—This paper presents the design and implementation
of a boundary current mode (BCM) modulated GaN-based single
phase inverter using a combination of bipolar and unipolar
switching. Both unipolar and bipolar BCM-switched full bridge
inverters are explored in detail in the context of efficiency,
output current distortion and leakage current. Although the
unipolar switched BCM inverter results in a higher efficiency in
comparison to the bipolar switched inverter, it leads to a higher
output current distortion at the low frequency zero crossing.
On the other hand, the bipolar switched BCM inverter yields a
low leakage current and reduced output current distortion, but
exhibits lower efficiency. To overcome the low frequency zero
crossing current distortion while maintaining a high efficiency,
a combination of bipolar and unipolar switching in a BCM
inverter is proposed. An experimental prototype has been built to
validate the proposed control technique and modulation scheme.
The proposed approach achieves a 2% efficiency improvement
in comparison to the standard bipolar switched BCM inverter
and a THD of 1.15%.

Index Terms—Single-phase inverter, boudary current mode
(BCM), zero voltage switching (ZVS), gallium nitride (GaN).

I. INTRODUCTION

High power density and high efficiency converters are
two important design target in power electronics for many
modern applications such as electric vehicles and renewable
energy. Recent trend have put an emphasis on reducing the size
of inverters and rectifiers for residential and commercial grid
tied application. A smaller and lighter inverter can reduce the
size of the overall system and the associated cost of installation
and maintenance [1-3]. To achieve this goal, a common single-
phase full bridge inverter operating at high switching fre-
quency is often used. However, the high switching frequency
results in high power loss and more severe electromagnetic
interference (EMI) limiting the maximum switching frequency
in practice [2,4]. To overcome these challenge, soft switching
techniques such as boundary current mode (BCM) control
is used in inverters to realize zero voltage switching (ZVS)
operation and minimize switching losses [5—-8].

The basic operation principle of the BCM inverter is il-
lustrated in [8,9]. To achieve ZVS operation with minimal
current stresses, the inductor current is controlled in a full

978-1-7281-0395-2/19/$31.00 ©2019 IEEE

bridge topology to follow the envelop wave shape shown
in Fig. 1. BCM modulation exhibits cycle-by-cycle inductor
current polarity inversion, facilitating operation with zero-
voltage switching of all semiconductor devices. This feature
can be used to increase switching frequency in order to reduce
the size of passive components, to increase efficiency by
greatly reducing switching losses, or a combination of the two
[5,6,10-13].

BCM modulation can be achieved using either unipolar or
bipolar switching schemes. Regardless of switching operation,
efficiency and output current distortion are two important fac-
tors governing the design of the inverter [14]. In addition, other
challenges associated with the switching strategy include the
presence of common mode (CM) noise and leakage current,
which can cause safety issue, increase system loss, and induce
electromagnetic interference (EMI) [15-17].

Both unipolar and bipolar switched BCM inverters for off-
grid applications have been explored in detail in the context
of low frequency output current distortion, efficiency, leakage
current and common mode voltage. The unipolar switched in-
verter has the advantage of low switching loss; however, it has
a significant distortion of the output current at the zero crossing
as well as significant CM noise [14, 18]. Although the bipolar
switched inverter has almost non-existent high frequency CM
noise and zero-crossing output current distortion, it has the
disadvantage of low efficiency due to increased switching
loss [14]. Taking advantage of the benefits of both switching
schemes, while also mitigating their respective challenges, a
combination of bipolar and unipolar switching is investigated
for a BCM single phase inverter. The proposed technique elim-
inates the low frequency output current at the zero crossing
while improving efficiency by 2% in comparison to a standard
bipolar switched BCM inverter. The remainder of this work is
organized as follows. First, both unipolar and bipolar BCM
modulation switching techniques are discussed in Section II,
followed with the proposed switching approach in Section III.
Second, the loss model of the proposed switching technique
is discussed in Section IV. Then, the experimental results are
presented in Section V. Finally, the conclusions and future
works are stated in Section VI
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Fig. 2. Full bridge inverter topology for unipolar switched BCM inverter.

II. BCM CONTROL SWITCHING METHOD

Unipolar and bipolar switching are the two common switch-
ing technique used in a BCM inverter. The operation principle
of both switching approaches including their respective advan-
tages and disadvantages is demonstrated. For the following
analysis, the average value of the dc-link voltage V. is
assumed to be 250V, the RMS output voltage V,,; is 120V, and
the line frequency is 60 Hz. In addition, the analysis assumes
a fixed reverse ZVS current /.

A. BCM with Unipolar Switching

The typical full bridge topology used in a unipolar switched
BCM control inverter is shown in Fig. 2. This topology
uses an asymmetrical inductor configuration, consisting of one
inductor on the high switching phase leg A. The phase leg A
devices, S and S3, operate at high switching frequency while
the phase leg B switches, Sy and Sy, operate at line frequency.
During the positive half line cycle, Sy is on and S is off and
vice-versa during the negative half cycle. During the output
current zero crossing, all switches are turned off. For a given
positive and negative peak inductor current Iy, , and Iy, _, the
ON/OFF time with reference to the active switch are
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Fig. 3. On time to, and switching frequency fs for 10 pH and 30 puH
inductor in a unipolar switched BCM inverter during the positive half line
cycle.
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Fig. 4. Experimental inductor current I, 4 and output current I, waveform
of unipolar switched BCM inverter showing output current distortion at the
Zero crossing.

which result in a switching frequency which varies over the
line cycle,

%ut ‘ (Vdc - Vout)
Vie-L-(Ip+—1Ip,-)

For a fixed ZVS current I,,s, Fig. 3 shows how the ON
time, t,,, and switching frequency f, vary for two inductances,
10 uH and 30 pH during the positive half-cycle. For instance,
for an inductance L4 of 10 uH, the minimum ON time and
switching frequency converge to zero at the zero crossing.
When the switching frequency is at its peak value of 880 kHz,
ton, 1S approximately 370 ns. Unipolar switching can only
demagnetize the inductor current at a rate of V. /L. In a
standalone system when the output voltage V,,; approaches
zero, the switching frequency converges to zero causing a
distortion of the current and a potential loss of regulation
[19]. This undesirable issue requires the implementation of
additional control to ensure BCM waveforms and output
regulation are maintained or minimally distorted during the

fs = 3
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output voltage zero crossing. Fig. 4 illustrates an experimental
waveform of the output current distortion at the zero crossing.

This switching scheme yields a pulsating CM voltage at
the output of the inverter, thus contributing to CM noise
and leakage currents [20]. Topologies such as the HS, H6,
and HERIC alleviate issues with leakage currents in unipolar
switched transformerless inverters through the use of ad-
ditional switches; however, the bipolar switched BCM full
bridge does not exhibit the same leakage current issues when
using balanced output impedances [20].

B. BCM with Bipolar Switching

To overcome the zero crossing regulation and leakage
current issues present with unipolar switched BCM inverter, a
bipolar switching technique is often used. The topology for the
bipolar switched BCM full bridge inverter is shown in Fig. 5
with a symmetrical inductor configuration. The inductance
is split between both phase legs to balance impedances and
mimimize common-mode effects. The total equivalent induc-
tance is Loq = L4 + Lp. In contrast to unipolar switched
BCM inverter, both phase leg A and B are switched at high
frequency. Switches S; and S, are switched in unison at high
switching frequency, and complimentary to Sy and S3. The
turn ON/OFF time of the active switches are

LUy —1o-)

ton 4
Kk_me ()
L-(Ipy—1Ip-)
toff = : : 5
" mk+46m ()
and the switching frequency is
Vie = Vou
j; dc t (6)

T W L-(Ipy—1In)

As Illustrated in Fig. 6, the frequency does not drop to zero
at the output current zero crossing. Because the zero-state
is not employed in bipolar modulation (i.e. the differential
output is always +Vj.), inductor demagnitization occurs in
finite time as long as |V,u:| < Vg.. Therefore, the current
distortion observed in the unipolar switching case does not
occur in the bipolar case. For an inductance L4 and Lp
of 10 uH as in the unipolar switching case, the resulting
equivalent inductance L., is 20 pH. Despite doubling the
equivalent inductance in this case, the minimum ON time is
around 240 ns while the maximum switching frequency is
approximately 2.1 MHz. The resulting maximum switching
frequency in this case more than double that of the unipolar,
resulting in increased switching loss when both modulations
achieve ZVS. The common mode voltage in this switching
scheme has no high frequency variation; thus, the CM noise
and leakage current is nearly eliminated [17, 20].

Although the bipolar switched BCM inverter helps mitigate
current distortion at the zero crossing and minimize leakage
current, it results in lower efficiency due to the high switching
loss [14]. A combination of both unipolar and bipolar switched
BCM inverter is proposed to help improve efficiency, eliminate
current distortion and minimize leakage current.
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Fig. 5. Full bridge inverter topology for bipolar switched BCM inverter.
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Fig. 6. On time ¢,y and switching frequency fs for 10 pH (Leg = 20 nH)
and 30 pH (Leg = 60 pH) inductor in a bipolar switched BCM inverter
during the positive half line cycle.
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Fig. 7. Proposed bipolar-unipolar switched BCM modulation waveform with
fixed reverse ZVS current I,s.

III. BIPOLAR-UNIPOLAR SWITCHED BCM CONTROL
INVERTER

A. Basic Operation

Fig. 7 shows the proposed BCM inductor waveform using
a combination of bipolar and unipolar switching technique.
The modulation technique consists of using unipolar switch-
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ing (U) during the high current sections of the line cycle
and bipolar switching (B) at the zero crossing. Using bipolar
modulation near the zero-crossing eliminates issues related to
zero-crossing distortion inherent to unipolar modulation, while
unipolar switching at high currents reduces switching losses.
The transition between unipolar and bipoloar modulation
occurs when the unipolar switching ON time falls below a
specified minimum 2, min -

Because BCM modulation achieves ZVS for all switching
actions, remaining switching loss mechanisms are dominated
by turn-off loss and deadtime reverse conduction, both of
which increase significantly at high currents and are propor-
tional to switching frequency. Thus, confining bipolar opera-
tion to the low-current portion of the line cycle will minimize
the resulting impact on switching losses.

As previously noted, in the unipolar switched topology,
there is only one high switching frequency phase leg with
an asymmetrical inductor configuration. On the other hand,
during bipolar switching, both phase legs are operated at high
switching frequency with equal inductance on both phase
A and B. Given two sets of inductor configuration in a
full bridge topology depending on the switching method, the
implementation of the bipolar-unipolar switching technique
on either the single-inductor topology in Fig. 2 or the split-
inductor topology of Fig. 5 will result in oscillations in the
opposite mode.

B. Hardware Implementation

When the bipolar-unipolar switching technique is imple-
mented using the full bridge topology with the asymmetrical
inductor configuration illustrated in Fig. 2, it introduces a high
frequency common mode voltage during the bipolar switching
mode [17]. Phase leg B, previously switched at line frequency
during unipolar operation, is now switching at high frequency
during bipolar operation near the zero crossing. This operation,
with only a single inductor, allows the high frequency voltage
at the switch node Vg to directly connect to one terminal of
the output, resulting in significant common mode variation and
excitation of any parasitic grounding capacitance at the switch-
ing frequency. This issue is mitigated by using a symmetrical
inductor configuration with an inductor on each phase leg as
in bipolar switched BCM full bridge topology in Fig. 5.

Although the symmetrical inductor configuration addresses
the high frequency common mode issue, it now introduces a
resonance between the phase B inductor Lp and the parasitic
grounding capacitance of the output during unipolar switching
operation.

To overcome these challenge, an additional phase leg C
is introduced as illustrated in Fig. 8. Phase A and B are
operated at high switching frequency during bipolar switching
while phase C is operated at line frequency during unipolar
switching. This hardware solution mitigates the high frequency
CM voltage issue during bipolar switching and the resonance
problem during unipolar switching. However, the additional
phase leg increases the component count and changes the
equivalent inductance during each switching mode. During
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Fig. 8. Full bridge inverter topology for proposed bipolar-unipolar switched
BCM inverter.
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Fig. 9. On time t,, and switching frequency fs for an equivalent inductance
of 20 uH/10 pH and 60 pH/30 pH in a bipolar-unipolar switched BCM
inverter during the positive half line cycle.

bipolar switching, the equivalent inductance Lo, = L4 + Lp;
during unipolar switching the equivalent inductance is half as
large, L.y = L 4. The resulting switching frequency and ON
time for two sets of inductances are shown in Fig. 9. The
frequency is at its maximum at the zero crossing when using
bipolar switching and does not converge to zero. Everywhere
else, the frequency distribution is given by the unipolar switch-
ing.

C. Tradeoff Between Standard Bipolar and Bipolar-Unipolar
Switching Technique

When compared with standard bipolar switched BCM
inverter, first, the switching frequency during the unipolar
switching phase in the proposed approach is slightly higher.
As illustrated in Fig. 10, for an equivalent inductance L.,
of 20 puH the switching frequency of the proposed switching
scheme is larger during the unipolar phase. The increased
switching frequency during the unipolar switching phase is due
to the half reduction of the inductance. This slight increase in
frequency has a minimal effect on the device switching loss
because during the unipolar operation, only two devices are
switched at high frequency rather than the four in bipolar,
resulting in reduced switching losses.
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Fig. 10. On time ¢, and switching frequency fs for an equivalent inductance
of 20 uH in a standard bipolar and 20 pH/10 pH in a proposed bipolar-
unipolar switched BCM inverter during the positive half line cycle.

Second, the hardware implementation of the proposed
switching technique introduces additional control complexity
and requires careful consideration of current commutation
during the transition between the switching phases. If not
timed correctly, this may introduce some distortion of the
output current, causing an increase in THD. In comparison to
bipolar switched BCM inverter, the proposed bipolar-unipolar
switching technique is a tradeoff between efficiency and THD.

IV. CONVERTER LOSS MODEL

To analyze the impact of the switching scheme on the
converter efficiency, the devices and inductor losses are esti-
mated and the efficiency between the standard bipolar switched
BCM inverter is compared with the bipolar-unipolar switching
model.

A. Switching Frequency

In this design, the switching frequency range is limited
by the minimum ON time during the bipolar switching
phase at light loads. For noise immunity and a good control
performance, a minimum ON/OFF time of 200 ns and a
maximum switching frequency of 1 MHz are selected. These
limits constrain the selection of inductance value. Fig. 11
shows the frequency distribution during the positive half-cycle
for different inductance combinations during bipolar/unipolar
switching. The 40 pH/20 pH inductance combination is within
design specification and has been selected. Although larger
inductance values above the 40 wH/20 pH combination also
satisfy the design constraint, they have not been considered
because they require either more volume or exhibit more core
loss.

B. Converter Switching and Magnetic Loss

An analytical loss model of the inverter, including the
inductor, device and shunt resistor is developed. Based on the
applied switching technique, both the inductor core loss and
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Fig. 11. Switching frequency fs for a varied set of inductances 2L 4/L 4 in
a proposed bipolar-unipolar switched BCM inverter during the positive half
line cycle.

Fig. 12. Q3D model and designed 20 pH planar inductor using EI38 planar
core and 3F4 ferrite material.

device switching and conduction loss are the main contributor
to the power loss. Other forms of loss do not vary significantly
with different switching techniques. After surveying available
planar cores for high frequency, high power applications,
an EI38 planar core made from 3F4 ferrite material from
Ferroxcube is used to implement the two 20 puH inductors.
Based on the planar inductor design outlined in [21,22] and
the loss model, a 4-turn, 2 oz profiled copper trace winding is
used to achieve a 20 uH inductance. The inductor Q3D model
and implementation is shown in Fig. 12.

The AC resistance of the winding is estimated using a finite
element analysis tool and measured experimentally with an
impedance analyzer. The core loss Py, is estimated using the
Steinmetz Equation for every switching period and averaged
over the line cycle as shown in the following equation:

L [(K S0y ABO))do (7)

™

A, represent the core cross sectional area and [, is the
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TABLE I
PARAMETERS OF PROTOTYPE

Parameter Value
Input voltage V. 250V
Output voltage Vout 120V/60Hz
Device Panasonic GaN-GIT
Inductor L 4, Lp 20uH
Shunt Resistor Rgpqnt 20m¢2
Inductor Core Geometry Planar EI38

Ferroxcube 3F4
120 kHz - 750 kHz

Inductor Core Material
Switching Frequency

magnetic path length. The core material parameters K, o and
B are provided by the core manufacturer.

Using BCM modulation, ZVS is achieved throughout the
line cycle; the switching losses are primarily turn off losses.
All the switches are implemented using GaN-GIT devices from
Panasonic Corporation. Thus, the turn off loss is estimated
using the model developed in [23] for ZVS GaN GIT device
operating in a low and high frequency bridge leg applications.
It is important to note that deadtime optimization is not part
of this work and the loss analysis does not include reverse
conduction losses at different operating point. As illustrated
in Fig. 13, the bipolar-unipolar switching technique yields a
higher efficiency when compared with the standard bipolar
switched BCM inverter.

V. DESIGN AND EXPERIMENTAL RESULTS

An experimental prototype of the bipolar-unipolar switched
BCM inverter is constructed and shown in Fig. 14. The
additional phase leg with the second inductor is populated on
a second identical board and connected in parallel. The main
design parameters are listed in Table I. To ensure ZVS through
the entire line cycle, a fixed dead time of 100 ns and a fixed
reverse ZVS current of 1.5 A is used. The inverter switching
frequency varies from 120 kHz to 750 kHz, maintaining ZVS

TekPrevu [ I = = I ]

Fig. 15. Experimental phase leg A inductor current I, 4, phase leg B inductor
current Iy, p, and phase leg C current I waveform using the proposed
bipolar-unipolar switched BCM inverter for Iout,rms = 1.15 A.

at all operating points over the line cycle. The power stage
has been implemented using GaN-GIT devices from Panasonic
Corporation and a XILINX Spartan 6 FPGA for the digital
logic and control. The inductor positive and negative current
limits Iy, and Iy _, are set using voltage references and
regulated using a dual current programmed mode (DCPM)
controller circuit outlined in [24]. Waveforms of the converter
under BCM modulation with a combination of both bipolar
and unipolar switching are shown in Fig. 15 for an output
current RMS of 1.15 A.

To provide a comparison for the proposed switching
scheme, a standard bipolar switched BCM modulation is
implemented on the same prototype board. The obtained in-
ductor current and output current waveform for both switching
approaches are nearly identical and is shown in Fig. 16.
At 200 W, the measured efficiency for the bipolar-unipolar
switching is 93.9% and the output current THD is 1.15%.
In contrast, for the fully bipolar switching, the measured
efficiency at the same power level is 91.8% and the THD
is 0.85%.

The proposed bipolar-unipolar switched BCM inverter
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yielded a 2% improvement in efficiency and a slight increase
in output current THD in comparison to the standard bipolar
switched BCM inverter.

VI. CONCLUSIONS AND FUTURE WORK

Both unipolar and bipolar switching techniques have been
analyzed individually in the context of efficiency, output
current distortion, CM noise and leakage current. Unipolar
switched BCM inverter yields higher efficiency, but causes a
distortion of the output current at the zero crossing. On the
other hand, bipolar switched BCM inverter has the advantage
of minimal leakage current, and addresses inductor current
regulation and distortion issues. However, it result into a
lower efficiency. A ZVS BCM control inverter combining both
bipolar and unipolar switching has been proposed in this paper.
This technique takes advantage of the high efficiency operation
of the unipolar switching with the better inductor current regu-
lation of the bipolar switching at the zero crossing. To mitigate
the high frequency CM noise and resonance issue, a full
bridge inverter with a dedicated phase leg for each switching

phase has been introduced. The design and implementation
of the proposed switching technique is demonstrated in an

experimental GaN based full bridge inverter. The performance
of the proposed switching method is compared with fully bipo-
lar switched BCM inverter. Although the proposed switching
scheme increased control complexity, and the output current
THD, it yielded an improved efficiency of approximately 2%
at 200 W when compared with standard bipolar switched BCM
inverter.

Future work will focus on improving the overall converter
efficiency, control performance, and high power operation.
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