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Analysis and Optimization of Variable-Frequency
Soft-Switching Peak Current Mode Control
Techniques for Microinverters

S. Milad Tayebi

Abstract—This paper presents a detailed power loss model for a
microinverter with three different zero voltage switching boundary
conduction mode (BCM) current modulation methods. The model
is used to calculate the optimum peak current boundaries for each
modulation method. Based on the power loss model, a dual-zone
modulation method is proposed to further improve the microin-
verter efficiency. The proposed modulation method provides two
main benefits: the addition of one more soft switching transition
and low inductor peak current. The additional soft switching tran-
sition reduces switching losses by means of zero current switching.
The lower peak current boundary reduces inductor rms current
and conduction losses as well as allowing the output filter inductor
to be smaller and more efficient. An improved BCM peak current
control method was proposed and implemented on a microinverter
prototype. The control circuit provides a highly accurate repre-
sentation of the filter inductor current waveform and also pro-
vides galvanic isolation that simplifies control circuit design. The
experimental results on a 400-W three-phase half-bridge microin-
verter validate the theoretical analysis of the power loss distribu-
tion and demonstrate that further improvement in efficiency can
be achieved by using the proposed dual-zone modulation method.

Index Terms—Boundary conduction mode (BCM), microinvert-
ers, power loss analysis, soft switching, three-phase inverters, zero
voltage switching (ZVS), zero current switching (ZCS).

I. INTRODUCTION

NVERTERS are widely used in photovoltaic (PV) based

power generation systems. Most of these systems have
been based on medium to high power string inverters [1], [2].
Microinverters have been shown to have advantages over their
string inverter counterparts in both grid-tied PV energy har-
vesting and standalone microgrid systems with energy storage
[3]-[6]. Some of these advantages are simplified installation,
elimination of high-voltage dc wiring, higher system reliability,
and improved energy harvesting.

In low-power applications such as solar microinverters, in-
creasing the switching frequency can reduce the size of passive
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components resulting in higher power density [7]. However,
switching losses and electromagnetic interference may increase
as a consequence of higher switching frequency. Soft switch-
ing techniques have been proposed to overcome these issues
(81, [9].

Zero voltage switching (ZVS) boundary conduction mode
(BCM) peak current control is a promising soft switching can-
didate for low power applications where the switching losses
are usually dominant [10]-[12]. For this purpose, three differ-
ent peak current mode control methods have been introduced
in [13]: BCM with fixed reverse current, BCM with variable
reverse current, and BCM with fixed bandwidth. In these mod-
ulation methods, the inductor current is bidirectional during
switching cycle to achieve turn-on ZVS. Although BCM con-
trol results in increased rms current, conduction losses and
core losses when compared with continuous-conduction mode,
switching losses are greatly reduced.

In this paper, a detailed power loss analysis has been con-
ducted for each of the three above-mentioned modulation tech-
niques. The optimum tradeoff between switching frequency and
inductor rms current value is determined using the power loss
model in order to maximize efficiency. In an effort to further im-
prove efficiency, a dual-zone modulation method along with an
improved control method are proposed and implemented. The
primary benefits of the proposed control technique are an addi-
tional soft switching transition and low inductor peak current.

This paper first introduces three different BCM peak cur-
rent mode control methods. A detailed power loss model is
presented in Section III in order to calculate the optimum
peak current boundaries for each modulation method. Based
on the power loss model, the proposed dual-zone modulation
method is presented in Section I'V. Section V introduces the im-
proved BCM peak current control. The experimental results in
Section VI verify the accuracy of the loss model and demonstrate
that further improvement in efficiency can be achieved by using
the proposed dual-zone modulation method. The conclusion is
in the last section.

II. VARIABLE-FREQUENCY PEAK CURRENT MODE
CONTROL TECHNIQUES

Three ZVS BCM peak current mode control methods are
described and compared in this section. Fig. 1 depicts a standard
power circuit of a three-phase half-bridge inverter. The body
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Fig. 1. Three-phase half-bridge inverter.

diode and the parasitic capacitance of the MOSFETSs help to
achieve ZVS in an inverter output stage. In order to implement
turn-on ZVS, the bidirectional inductor current discharges the
MOSFET parasitic capacitance until its body diode conducts
prior to each switching transition.

In order to inject ac current into the grid, the average induc-
tor current must be equal to the reference current during each
switching cycle. Therefore, the inductor current has to be be-
tween two predetermined boundaries. Three current modulation
methods with different boundary shapes have been introduced
in [13], which satisfy this requirement: BCM with fixed reverse
current, BCM with variable reverse current, and BCM with fixed
bandwidth.

As shown in Fig. 2, the inductor current has to be between the
upper and lower limits for all the three modulation techniques in
order to generate an average current equal to the reference cur-
rent. Since the inverter power loss is to be analyzed in this paper,
the inductor current and switching frequency are calculated for
each of the three modulation techniques.

The upper and lower boundaries and switching frequency for
BCM with fixed reverse current modulation can be calculated
as follows:

{ Lupper = 2lnpr sin () + 1, , if sin (wt) >0
Lower = —1,

1 her — 1 . .
o ’ . , if sin (wt) <0 (1)
lower = 2IrEF sin (Wt) -1,

2
(Vdc/g) — (Vusin (wt))2

sw (t) = .
Fow () LV (2Iggrsin (wt) + 21,)

2

where, Ixgpr is the output peak current reference, I, is the
reverse current for achieving ZVS, V;. is the input voltage for
the half-bridge inverter, V,,, is the grid or output peak voltage,
and L is the output filter inductor.

The boundaries and switching frequency for BCM with vari-
able reverse current modulation can be found as

3
Tupper = §IREF sin (wt) + 1,
1 , if sin (wt) >0
Ilower - §IREF sin (wt) — Io
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Fig. 2. Three different ZVS BCM modulation methods: (a) fixed reverse
current, (b) variable reverse current, (c) fixed band width.

1
Tupper = 5 IREF Sin (wt) + 1,
3 , if sin (wt) < 0
Lower = ilREF sin (wt) -1,

3

- (Vdc/2)2 — (Vypsin (wt))?
o L‘/:k (IREFSiD (wt) + 210) .

fsw (1) 4

The upper and lower limits and switching frequency for BCM
with fixed bandwidth modulation can be expressed as follows:
wt) + 1,
(( ) , if sin (wt) >0

Ilowcr - IREF sin wt) — T

=)

{Iupper = IREF sin

<

Tivper = 1 sin (wt) + 1, e
{ ppe REF Sinl (w1) , if sin (wt) < 0 (5)

Ilower = IR,EF sin (Wt) — Io

(Vdc/2) P (Vinsin (wt))2
LVye (21,)

fow (8) = (6)

Note that for all three modulation methods, 77 and 75 are
the required time for inductor current to traverse from the lower
limit to the upper limit and from the upper limit to the lower
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limit, respectively, and calculated as follows: BCM with Fixed Reverse Current
300
L ([, — Liow
T = (Vllppcr lov Cr) s 250 | e lo=0,7 A
dc/2> - V;{rid 7 ;E_zou =)
T — L (Iuppel‘ - Ilower) : 2 s .!___.
1= V. § 150 ’ WA 4
( dC/Q) + V;;Tid g — lo=20A 4
E" 100 :‘
Switching frequency is derived from (7) as follows: 5
£ 50
) &
2
f (VZiC/Q) - (Vgrid) ®) ’ 0 1 2 3 4 5 6 7 8
swo— . Ti
o LV:lc (Iupper - Ilower) IT:j[mS]
The switching frequency and inductor rms current are deter- BCM with Variable Reverse Current
mined by the peak current boundaries. Figs. 3 and 4 depict the i
full load switching frequency and inductor rms current for each i [ i S lo=1.0 A
modulation method at different boundary values. An output in- 5 160 —lo=15 A
ductor value of 270 p4H was selected to ensure that the minimum & 10 BBk
switching frequency was above the maximum audible value of £ 120 —_—
20 kHz. 5 1007 o e
Referring to (2), (4), and (6), switching frequency for all = =
. . . . oo
three modulation methods is a function of the grid or output £ B
voltage and the peak current boundaries and is the highest at g 4
zero crossings. For example, BCM with fixed reverse current has » 0
. S . o
the widest switching frequency range because both t.he instanta- 4 : 3 5 : 5 . g 5
neous output voltage and the peak current boundaries decrease Time (ms)
at zero crossings. BCM with fixed bandwidth has the narrowest (b)
switching frequency range since its peak current .boun.daries are BCM with Fixed Bandwidth
constant over the entire output voltage range. Likewise, at full 120

load, BCM with fixed reverse current has the lowest inductor
rms current, while BCM with fixed bandwidth has the highest
inductor rms current.

The minimum reverse current for achieving ZVS depends
on the MOSFET’s specification (parasitic capacitance, Coss),
the voltage across the MOSFET (Vj.) and dead time (¢4), and
for this topology is approximately calculated as follows [14]
and [15]:

e lo=1.7 A e
100 | .

lo=2.0 A

-=lo=25A

— lo=3.0 A

a0 |

Switching Frequency (kHz)
T

20 |

2Coss Vae
Imin.ZVS_rcvcrsc_currcnt N . (9) L . - - - ! L ) |
tq 0 1 2 3 4 5 6 7 8
Time (ms)
An optimum combination of dead time (800 ns) and reverse (c)

current (0.8 A) was selected experimentally for this work. There-
fore, in order to ensure ZVS operation for each modulation
method, a minimum reverse current of 0.8 A is required to dis-
charge the MOSFET parasitic capacitance. With this in mind,
the minimum I, required to maintain the 0.8-A reverse current
for each modulation method at full load is shown in Fig. 4. In
all three modulation methods, ZVS is achieved during the entire
grid cycle. Therefore, for each modulation I, is determined in
such a way that ZVS can even be achieved for the lowest reverse o T R
current. 1.2 - -BCM wilh Variable Reverse Current
Since only turn-on ZVS can be achieved with these mod- ++BCM with Fixed Bandwidih
ulation methods, higher switching frequency generally results 0 0s 1 15 2 25 3
in proportionally higher switching losses. Larger boundary val- lo (4)
ues reduce switching frequency but also increase inductor rms
current and conduction losses.

Fig. 3. Switching frequency over a half 60-Hz line cycle with varying /, for:
(a) fixed reverse current, (b) variable reverse current, and (c) fixed band width.
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Fig.4. Inductor rms current versus /, for each modulation method at full load.
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TABLE I
INVERTER PROTOTYPE OPERATING PARAMETERS

Grid parameters Vgrid (nominal) = 120 V6
(Line-Neutral)

208 Vims (Line-Line)

feria (nominal) = 60 Hz

P, = 130 W (each phase)

Vie =400V (4200 V, =200 V)
Fairchild FCB20N60F MOSFET
C, = 1 puF polypropylene film (each
phase)

L = 270 pH (each phase), peak
current = 4.5 A

R4 = 85 m{2, magnetic core
RM12/NO5 ferrite, wire: Litz, 60
strands #38, 36.5 turns, air gap =
0.86 mm

Output power
Input Voltage
Switching devices
Output capacitor

Main inductor

A detailed power loss analysis will be presented in the next
section which determines the optimum boundary values for each
modulation method in order to maximize efficiency.

III. POWER LOSS ANALYSIS

A loss model was designed in order to predict the power loss
in the three-phase half-bridge microinverter prototype. Table I
shows the prototype operating parameters. This model can be
used to calculate the most efficient peak current boundary for
each of the three modulation methods. Four sources of loss
have been taken into consideration in this model: switching loss
(including MOSFET body diode conduction loss), MOSFET
conduction loss, inductor core loss, and inductor winding loss.

Since all three modulation methods can achieve turn-on ZVS,
only turn-off switching loss is calculated in the loss model using
the following equation:

1
5 X [7; (t) X VDS X fsw (t) X ts(H - L) (10)

where, I; (i = 1, 2) is the peak boundary current for the upper
and lower MOSFETs, respectively, Vpg is the MOSFET drain-
source voltage, fgw (t) is the instantaneous switching frequency
and tg(y_r) is the MOSFET turn-off time.

To avoid shoot through current between the MOSFETsS, dead
time is included in the complementary gate drives. During the
dead time, the MOSFETSs body diode conducts which results in
power loss and is calculated as follows:

Pgp (t) =1 (t) X Vsp X fow () X (tg1 + ta2) (1D

where, Vsp is the diode forward voltage drop, t;; and t4o are
the upper and lower MOSFET body diode conduction times,
respectively.

MOSEET conduction loss is a function of the MOSFETS’ on
resistance and inductor rms current as follows:

T,

P(:onduction - M / Z‘LQ (t) dt
Ts 0

where, Rpg(on) is the on-resistance of the MOSFET, T is the

switching period, and i, (;) is the instantaneous inductor current.

Since [; and f,, change at each switching cycle, referring to

(1)—(6), instantaneous values have been considered in the loss

PSW(OFF) (t) =

(12)
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calculation. The losses are computed for each switching cycle
and then averaged over the entire 60-Hz line cycle. For example,
the upper MOSFET turn-off switching loss in BCM with fixed
reverse current for a positive half cycle is calculated as follows:

Vbs X ts(m — 1) /T
0

Rlpper,sw(OFF) = T (QIREF sin (wt) + Io)

(Vd“/z)2 — (Vnsin (w1))”

dt (13
TVae @lnprsin (0f) + 21,) (13)

where, T is the 60-Hz line cycle period. Results were obtained
using trapezoidal numerical integration in MATLAB.

The core geometry and winding parameters for the 270-pH
inductor were input into the inductor core loss model in the
MATLAB program [16]. The results were then incorporated into
the power loss model presented in this paper. The loss model
takes into account the varying switching frequency and core flux
density to produce a more accurate core loss value. Winding
losses consist of ac and dc losses. DC losses are simple function
of inductor rms current and inductor dc resistance. AC losses are
more complex and consist of skin effect and proximity effect,
which are a function of switching frequency and ac inductor
current and tend to greatly increase the ac resistance of the
inductor winding. The ac resistance value is often many times
that of the dc resistance. Note that since inductor current is
bidirectional in all three modulation methods, there is no diode
reverse recovery loss. Therefore, this loss is not included in the
loss model.

Fig. 5 shows plots of efficiency as a function of peak cur-
rent boundary at different output power levels for each of the
three modulation methods. Efficiency is calculated using the loss
model and plotted for various percentages of full load power for
each modulation method. In BCM, with fixed reverse current,
maximum efficiency is obtained when the peak boundary current
is 0.8 A, as shown in Fig. 5(a). Peak current boundaries greater
than the optimum value reduce the switching frequency and
switching losses but increase the inductor rms current, MOS-
FET conduction losses, and AC winding losses. However, peak
current boundaries smaller than the optimum value increase
the switching frequency significantly, which causes increased
inductor core loss. Similarly, in BCM with variable reverse cur-
rent, the optimum peak current boundary changes slightly as
power level increases and efficiency may be improved by dy-
namic adjustment of /,, as depicted in Fig. 5(b).

In BCM with fixed bandwidth, the plot of efficiency as a
function of peak current boundaries at different output power
levels shows that maximum efficiency is achieved when the peak
current boundary is close to the minimum I, required for ZVS
as shown in Fig. 4. Fixed bandwidth modulation lends itself to
dynamic adjustment of the peak current boundary based on the
value of load current in order to further improve efficiency.

Note that for all three modulation methods, reducing the peak
current boundaries below the minimum I, required for ZVS
results in hard switching and significantly increased switch-
ing losses. Plots based on the power loss model show that
each of the three modulation methods has a unique range of
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Fig. 5. Optimum peak current boundaries for three modulation methods at
various power levels: (a) fixed reverse current, (b) variable reverse current,
(c) fixed band width.

optimum /, value that will produce maximum efficiency for
varying power levels. Notice that BCM with fixed reverse cur-
rent and BCM with variable reverse current have a fairly narrow
range of optimum I, values, while BCM with fixed bandwidth
has a wide range of optimum /, values depending on the power
level.

IV. PROPOSED DUAL-ZONE MODULATION

Based on the presented power loss model, a dual-zone mod-
ulation method is proposed to further improve efficiency [17].
This modulation method provides two main benefits: the ad-
dition of one more soft switching transition and low inductor
peak current. The proposed dual-zone modulation method di-
vides the 60-Hz waveform into two distinct zones each having
its own peak current boundaries and switching frequency range.
Fig. 6 shows the proposed dual-zone modulation method. Peak
current boundaries and switching frequency for zone 1 can be

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 2, FEBRUARY 2018
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Fig. 6. Dual-zone modulation method.

determined as follows:

{Iupper = [REF sin (wt) + h x L,

,if |Iggrpsin (wt)| < I,
Ilower = IREF sin (o.)t) — h x Io | REF ( )‘ >

(14)

(VdC/2>2 — (Vpsinwt)?

Jow (8) = =79 (2h x 1,)

s)

Similarly, peak current boundaries and switching frequency
for zone 2 are calculated as follows:

{ Iuppcr - 2IREF sin (wt)

, if Iggpsin (wt) > I,
Tower =0 ( )

s if Ixgpsin (wt) < -1,

(16)

Iupper =0
Ilower - 2IREF sin (wt)

<Vdc/2)2 — (Viusin (wt))?
LVdC (QIREFSiIl (wt))

fow (1) = a7

Zone 1 is similar to fixed bandwidth modulation where
turn-on ZVS can be achieved for both MOSFETs. The peak
current boundaries are set by the value of & as referenced in
(14). Fig. 7(a) shows an expanded view of switching waveforms
for zone 1. When the upper MOSFET (S1) is conducting,
inductor current increases linearly until it crosses the upper
boundary at that time it is turned OFF under hard switching.
During the first dead time (¢41 ), both MOSFETsS are off and the
inductor current completely discharges the lower MOSFET’s
parasitic capacitance, which provides turn-on ZVS for the
lower MOSFET (S2). At the end of t;1, the lower MOSFET
is turned ON and the inductor current decreases linearly until
it reaches the lower current boundary. The lower MOSFET
is then turned OFF under hard switching and the second dead
time (t42) begins. During .49, the inductor current completely
discharges the upper MOSFET’s parasitic capacitance that
allows the upper MOSFET to be turned ON under ZVS. In zone
1, two of the four switching transitions are ZVS and the dead
time intervals, t4; and t,42, are almost equal.

Zone 2 resembles BCM with fixed reverse current modula-
tion where both ZVS and zero current switching (ZCS) can be
achieved. Fig. 7(b) illustrates an expanded view of switching
waveforms for zone 2. When the inductor current crosses the
upper boundary, the upper MOSFET (S1) is turned OFF under
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Fig. 7. Dual-zone modulation method switching waveforms: (a) Zone 1,
(b) Zone 2.

hard switching. During the first dead time (¢4 ), the inductor
current completely discharges the lower MOSFET’s parasitic
capacitance that allows the lower MOSFET (S2) to be turned
ON under ZVS. As the inductor current falls to zero, the lower
MOSFET is turned OFF under ZCS. During the second dead
time (t42), the inductor current becomes negative and com-
pletely discharges the upper MOSFET’s parasitic capacitance.
If t49 is sufficiently long so that the upper MOSFET’s para-
sitic capacitance is completely discharged, the upper MOSFET
can then be turned ON under ZVS. In zone 2, three of the four
switching transitions are soft switched but unlike zone 1, the
dead time intervals, t4; and t,2, are quite different. Implement-
ing dynamic dead time optimization (DDTO) [18] ensures that
soft switching will be maintained in zone 2 over the entire op-
erating range of the inverter.

The power loss model described in Section III has been used
for the dual-zone modulation method to predict the optimum
combination of 4 and I, at various power levels. Fig. 8 shows
plots of efficiency as a function of 4 for different values of I, at
100% and 30% of rated power. At full load, maximum efficiency
isachieved when I, and h are 1.5 A and 1, respectively. At values
of h below 1, soft switching is not guaranteed over the entire
60-Hz line cycle and efficiency decreases significantly. How-
ever, at 30% of rated power, the power loss analysis shows that
the total loss is lowest when the value of 4 is greater than 1 for
different values of I,. Note that the values of I, and 4 depend
on the power level, with & varying from 1.6 to 1 and I, vary-
ing from 0.7 to 1.5 A as shown in Fig. 8. In order to reduce
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Fig. 9. Dual-zone peak current modulation at (a) high power, (b) low power.

computation time in the DSP, the optimum values of I, and &
were calculated using MATLAB for a range of power levels and
placed in a lookup table in the DSP. The DSP then selects the
values of & and I, based on the inverter operating power.

Fig. 9 shows inductor peak current boundaries for high power
and low power using dual-zone modulation. At high power,
zone 1 is larger than zone 2 that reduces the overall switching
frequency, while at low power, zone 2 is larger than zone 1,
which reduces the inductor rms current. In the proposed control
technique, inductor rms current and switching frequency are
controlled according to the output power level. At high power
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100%, 50%, and 30% of microinverter rated power.

levels, the switching frequency range is similar to the other three
modulation methods. However, the inductor rms current is re-
duced resulting in lower conduction losses. At low power levels,
the switching frequency range is higher than that of the other
three modulation methods. However, the increased switching
losses are offset by the addition of one more soft switching
transition. Also, inductor rms current is lower than that of the
other three modulation methods that results in lower conduc-
tion losses. The combination of the additional soft switching
transition and reduced inductor rms current produces an over-
all improvement in efficiency. Dual-zone modulation switching
frequency range for 100% and 30% of rated power for half a
60-Hz line cycle is shown in Fig. 10.

The power loss distribution for a 400-W three-phase half-
bridge microinverter with four different BCM modulation meth-
ods is shown in Fig. 11. Since BCM with fixed bandwidth has
the highest inductor rms current, MOSFET conduction losses
and inductor winding losses are the highest with this modula-
tion. However, MOSFET conduction losses and inductor wind-
ing losses are the lowest with dual-zone modulation because
of its lower inductor rms current. Due to the fact that in BCM
with fixed bandwidth, the peak current boundaries are constant
over the entire 60-Hz line cycle, it has the narrowest switching
frequency range and, therefore, the lowest inductor core loss.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 2, FEBRUARY 2018
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Fig. 12.  DSP implementation of BCM peak current control.

Unlike BCM with fixed bandwidth, BCM with fixed reverse
current modulation has the widest switching frequency range
and, therefore, the highest inductor core loss due to the fact
that switching frequency has a major impact on the inductor
core loss calculation. As shown in Fig. 11, MOSFET switch-
ing losses are the largest portion of the total loss and increase
as the output power level decreases. Although the peak current
boundaries decrease at light loads in all of the modulation meth-
ods, the switching frequency increases significantly resulting in
increased switching losses.

Although dual-zone modulation has a higher switching fre-
quency in zone 2 compared with the other three modulation
methods, the peak current boundaries are lower and it has one
more soft switching transition. The lower peak current bound-
aries reduce MOSFET conduction losses and inductor winding
losses thereby reducing overall power loss. Since the induc-
tor peak current is low compared with the other three current
modulation methods, the output filter inductor can be designed
with fewer turns and a smaller gap that reduces inductor wind-
ing losses. Operating flux density can also be lower resulting
in reduced core losses. The inductor could also be physically
smaller, which improves power density and also has lower core
loss due to the reduction in core volume.

V. BCM PEAK CURRENT CONTROL

Implementation of BCM peak current control for one phase
in a DSP is shown in Fig. 12. In order to guarantee ZVS over the
entire line cycle, the controller requires a precise measurement
of the inductor current. Since the switching frequency varies
over the 60-Hz line cycle and could go as high as 300 kHz de-
pending on the modulation method used, inductor current cannot
be accurately sampled using conventional A/D converters such
as those found in digital signal controllers. To avoid this issue,
the three-phase half-bridge microinverter prototype uses hybrid
BCM current control [19], which is a combination of predictive
control along with hardware reset. Predictive control calculates
the duty cycle required for each operating point over the 60-Hz
line cycle. Hardware reset is implemented by using the digital
signal controller’s internal high-speed comparators to terminate
the on time once the peak current threshold has been crossed.
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Fig. 13.  Filter inductor current and output current for (a) BCM with fixed
reverse current, (b) BCM with variable reverse current, (¢) BCM with fixed
bandwidth.

Hardware reset requires an accurate wide bandwidth cur-
rent sensing circuit for measuring the inductor current. To ac-
complish this, a high-performance nanocrystalline core 300:1
current transformer was designed and included in the proto-
type. This current transformer exhibits zero-degree phase shift
at 60 Hz while having an upper bandwidth limit of greater than
500 kHz and can easily reproduce the inductor current wave-
form with no distortion. The Hall effect sensor is only required
to measure dc current to ensure that the output current has no
dc component. The current transformer and Hall effect sensor
outputs are combined to produce an accurate inductor current
measurement, which is input to the high speed comparator inside
the DSP.

VI. EXPERIMENTAL RESULTS

Experimental results were measured on a 400-W three-phase
half-bridge microinverter prototype. The four previously dis-
cussed BCM modulation methods were implemented on a
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Fig. 14.  Optimum peak current boundaries for three modulation methods at

various power levels: (a) fixed reverse current, (b) variable reverse current, (c)
fixed band width.

Microchip dsPIC33FJ16GS504. For the purpose of this exper-
iment, the dc bus voltage was set to 400 V, the output inductor
value was 270 pH for each phase, and the line frequency was
60 Hz. The microinverter was tested using BCM with fixed re-
verse current, BCM with variable reverse current and BCM with
fixed bandwidth. The filter inductor high-frequency current and
average current for each of the three modulation methods is
shown in Fig. 13.

Fig. 14 shows the measured efficiency as a function of peak
current boundary at different output power levels for each of the
three modulation methods. Note that the empirical data closely
resembles the efficiency calculated using the power loss model
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Fig. 15. Dual-zone peak current modulation at (a) high power, (b) low power.

shown in Fig. 5. The optimum [, measured on the prototype for
each of the three modulation methods is almost identical to the
calculated values. The experimental results at high power and
high values of I, could not be obtained due to the saturation
limit of the output filter inductor.

The filter inductor high-frequency current and average current
in Fig. 15 were measured at high power and low power using
the proposed dual-zone modulation technique. It can be seen
that at high power, zone 1 is larger than zone 2, which reduces
the overall switching frequency, while at low power, zone 2 is
larger than zone 1, which reduces the inductor rms current. The
switching waveforms for upper and lower MOSFETsS in zone 1
and zone 2 were measured and are shown in Fig. 16. Referring
to this figure in zone 1, the dead times are equal and turn-on
ZVS is achieved for both MOSFETs. In zone 2, in addition to
turn-on ZVS for both MOSFETs, turn-off ZCS is achieved for
the lower MOSFET as shown in Fig. 16(b). The dead times are
quite different due to the small amount of inductor current that
is available to discharge the MOSFET’s parasitic capacitance.
The dead times in both zone 1 and zone 2 have been optimized
over a 60-Hz line cycle using DDTO technique.

Fig. 17 shows the maximum efficiency for each of the
modulation methods measured with a Yokogawa PZ4000
power analyzer. It can be seen that higher efficiency can be
achieved using the proposed dual-zone modulation method
without additional circuit components or cost. Total har-
monic distortion (THD) is an important parameter to be con-
sidered when designing an inverter. Full power THD and
inductor rms current for all four modulation methods are
shown in Table II. Dual-zone modulation exhibits the lowest
inductor rms current and its current THD is well within the
limits specified by IEEE 1547.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 2, FEBRUARY 2018

Zoom Factor: 40kX

(W 1.00ACQ @ 2000 @ zoomve @ 200mV o ) (Z 10048 | [25.0Mm5rs - s o.nn.«]
J | 10w points
(a)
FOORERCIOC QNG . ooooe oottt e it R T e e
fa "
| .‘).1
B e —
I SN > S (R N SO A

i |
I’:‘ 1.00 A [T - _20.0mve @ zaor;u.'n ) [Z 1.00ps 50,0815/ | [ nnoa\l
fi+w0, 00000 & 10M polnts |
(b)
Fig. 16. Dual-zone modulation method switching waveforms: (a) Zone 1,
(b) Zone 2.
9
98.5
98
~ 975
=X
<
=y
g 97
2 i
P -,,'-' / & BCM with Fixed Reverse Current
T i
= 96.5 ._V" ~=-BCM with Variable Reverse Current |
7 ~4~BCM with Fixed Bandwidth
96
5 —e—Dual-Zone Modulation
95.5 o
o
95
100 150 200 250 300 350 400
Output Power (W)
Fig. 17. Microinverter output stage efficiency with different modulation
methods.

TABLE 1T
THD AND INDUCTOR RMS CURRENT FOR FOUR CURRENT
MODULATION METHODS

THD RMS
BCM with fixed reverse current 2.5% 1.59
BCM with variable reverse current 1.9% 1.61
BCM with fixed bandwidth 1.4% 1.76
Dual-zone modulation 2.4% 1.45
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VII. CONCLUSION

In this paper, a precise power loss model has been presented to
calculate the optimum peak current boundary for three different
modulation methods: BCM with fixed reverse current, BCM
with variable reverse current, and BCM with fixed bandwidth.
The power loss analysis shows that the optimum peak current
boundary is almost constant for BCM with fixed reverse current
at different power levels, whereas it varies with load current
for BCM with variable reverse current and BCM with fixed
bandwidth. The experimental results on a 400-W three-phase
half-bridge microinverter prototype verify the accuracy of the
power loss model.

A dual-zone modulation method along with an improved con-
trol method have been proposed in this paper so as to further
improve the efficiency of the microinverter prototype. Dual-
zone modulation divides the 60-Hz waveform into two distinct
zones. The power loss model was used to determine the size
of each zone and calculate peak current boundaries. This mod-
ulation technique not only produces one more soft switching
transition but also reduces inductor rms current, which results
in an overall improvement in efficiency. In addition, dual-zone
modulation produces the lowest inductor peak current compared
with the other three modulation methods so that the output filter
inductor can be a smaller and more efficient design with fewer
turns and lower flux density. The improved peak current control
method proposed in this paper consists of a wide-band current
transformer that is accurate from 60 Hz to 500 kHz with zero-
degree phase shift. The current transformer provides isolation
and allows the entire inductor ac current waveform to be sensed.
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