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Single-Phase Split-Inductor Differential
Boost Inverters

Ashraf Ali Khan
Liwei Wang

Abstract—In this paper, two single-phase single-stage split-
inductor buck-boost inverters are proposed: type-I and II. The
proposed type-I is unity power factor inverter, while the proposed
type-1I inverter is suitable for any power factor. Both topologies
remove the shoot-through problem. Furthermore, the reverse
recovery issues for all switches are eliminated; therefore, MOSFETS
are used to obtain higher efficiencies. The proposed inverters
operated at higher switching frequencies confer the additional
benefit of smaller passive components. The current stresses of
the two switches in the proposed type-I and II inverters are
lower of the conventional boost inverter. The dead time can be
eliminated at both the high and line switching frequencies. In
addition, the inductor conduction loss is minimized to improve
efficiency. Moreover, the voltage stresses of the two switches in
the type-I inverter can be much lower of its counterpart boost
inverter. Most importantly, unlike the conventional high-reliability
inverters, the magnetic volume of the proposed high-reliability
type-1 and II inverters is same of its counterpart boost inverter.
The experimental results obtained for 500 W, 110 Vrms, 60 Hz
hardware prototypes verify the analysis.

Index Terms—Buck-boost inverter, efficiency, low current stress,
low-voltage stress, magnetic volume, reliability, single stage, split
inductor.

1. INTRODUCTION

PPLICATIONS such as photovoltaic, uninterruptible
A power supplies and small wind turbines need buck—boost
inverters (BBI). A typical BBI has two-stage power conversion,
a boost dc—dc and buck dc—ac. They are time tested and work
well. The disadvantage of the multistage BBIs is that more power
components are required. BBIs providing buck—boost operation
in a single stage can obtain higher power density [1], [2].

The Z-source [3] and quasi-Z-source inverters [4] contain-
ing impedance network (LC) provide buck—boost function by
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advantageously utilizing the shoot-through state of the inverter.
They generate good quality output waveforms by reducing dead
time in the switching signals. However, the simultaneous switch-
ing of all its switches, higher voltage, and current stresses in the
boost operation and more components in conduction loop result
in lower efficiency. Furthermore, their power conversion resem-
bles two-stage power conversion; hence, they cannot be strictly
considered single-stage BBIs [5], [6].

The differential boost inverter (DBI) [7] in Fig. 1(a) using
two boost dc—dc converters provides buck—boost operation in
a single stage. However, its efficiency is low because all its
switches are switching at high frequency under high voltage and
current stresses. Furthermore, it is vulnerable to shoot-through
problem. Dead time is employed to combat the shoot-through
issue, which result in output voltage gain reduction and causes
greater output voltage distortion. Moreover, in the DBI, there is
higher conduction loss since larger inductors freewheel output
current.

Another single-stage BBI [8] is shown in Fig. 1(b). It is
operated under the buck-boost and boost principles for v, > 0
and v, < 0, respectively. For v, > 0, S> and S, are ON and .S}
works at high frequency. For v, < 0, S; and S3 are ON and .Sy
works at high frequency. However, its operation is asymmetrical
operation and has shoot-through problem.

The half-bridge BBI [9] is shown in Fig. 1(c). It has sym-
metrical operation and two switches work at high frequency
at any given time. However, it requires two voltage sources.
For v, > 0 and vy, < 0, Vi,1 and Vj,» are utilized, respectively.
The full-bridge BBI in Fig. 1(d) [10] requires a single voltage
source V;,. However, its more components in a conduction loop
decrease the efficiency.

The single-stage BBIs in [8]—[11] work under the discontin-
uous conduction mode (DCM) principle. However, the larger
inductor current ripple in the DCM operation increases the rms
currents of the inductors and switches, which lead to increased
power loss, high electromagnetic interference (EMI) noise, and
increased filtering requirements.

A quasi-single-stage BBI shown in Fig. 1(e) [5], [6] inte-
grates H-bridge inverter and a boost ac—ac converter. Its switch
voltage stress is lower, Vi, for S} — Sy and V, for S5 — Ss.
In buck operation, it works as H-bridge inverter. However, it
requires more switches. The DBI with two additional clamping
switches (S5, Sg) [see Fig. 1(f)] using half-cycle modulation
was proposed in [12]. It improves the efficiency but requires
more switches, and retains the aforementioned drawbacks of

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1.

the conventional DBI. In [13] and [14], single-stage inverters
with common ground are presented to decrease the common
mode leakage current.

Each of the aforementioned inverters has its own advantages
and disadvantages, but the following issues are common to most
of them.

1) Shoot-through problem, which is a major reliability issue.
To avoid it, dead time is set in the switching signals.
For example, the inverter in Fig. 1(f) has shoot-through
risk of C'y, Cs, and C,. To avoid the shoot through, dead
time should be inserted between S; and S,, S3 and Sy,
and S5 and Sg. The dead time reduces voltage gain and
causes waveforms distortion and less energy transfer. This
drawback becomes more severe as the inverter switching
and fundamental frequencies are increased.

The high-frequency switches of single-stage BBIs cannot
be simply implemented with power MOSFETs because of
slow reverse recovery features of MOSFET body diode. The
slow reverse recovery induces large turn ON loss and leads
to reliability and EMI concerns [15]-[17]. To minimize
the reverse recovery issues, insulated gate bipolar junction
transistors (IGBTs) can be used. However, compared to
IGBT, MOSFET has fast switching, low switching loss, and
resistive conduction voltage drop features. The resistive
voltage drop becomes lower as the power level decreases.

The single-phase dual-buck inverters [18]- [22], [32], three-
phase buck inverter [23], cascaded inverters [24], [25], BBI
[26], single-phase ac—ac converters [27], [28], three-phase ac—
ac converters [29], cascaded ac—ac converters [30], and neutral
point clamped inverter (NPCI) [31] are proposed to realize high
reliability and efficiency. All these converters have no shoot-
through problem and they use MOSFETs without reverse recov-
ery issues to improve efficiency and increase switching frequen-
cies. However, they have a major drawback of high magnetic
volume compared to their counterpart traditional converters.

2)

Conventional single-stage buck—boost inverters. (a) [7]. (b) [8]. (c) [9]. (d) [10]. (e) [5] and [6]. (f) [12].

The magnetic volumes of the dual-buck inverter [19], dual-
paralleled-buck inverter [32], and inverters in [21] and [23] can
be as high as twice of their counterpart H-bridge inverter. The
magnetic volume of the split inductor NPCI [31] is twice of its
counterpart traditional NPCI.

The BBI in [26] has no shoot-through problem. However, it
requires six inductors and its magnetic volume is higher of the
proposed inverter. In addition, it requires more diodes, and the
voltage stress of its switches is higher than the proposed type-I
inverter. Furthermore, its inductor conduction loss is higher and
efficiency is lower than the proposed inverter. Moreover, its cir-
cuit layout is complex and requires more footprints. In summary,
the aforementioned inverters [18]-[32] provide high reliability
and efficiency at the cost of high magnetic volume.

In this paper, type-I and II single-phase single-stage split-
inductor BBIs are introduced. They completely remove the
shoot-through problem experienced by the BBIs in Fig. 1. Fur-
thermore, MOSFETs can be utilized in the proposed inverters to
boost efficiency since the topologies inherently eliminate the re-
verse recovery loss of the body diodes. The proposed inverters
can operate at higher switching frequencies, which allows the
reduction of passive components.

In addition, the proposed type-I inverter has the following
advantages.

1) Two switches are line frequency.

2) Dead time can be eliminated.

3) The voltage stresses of the two switches S; and S3 can be

much lower.

4) The current stresses of the two switches S; and S3 can be

much lower.

5) The inductor conduction loss is lower.

6) The magnetic volume is same of its counterpart as DBI.

The proposed type-II inverter has many advantages of the
type-1 inverter such as no shoot-through issue, no dead-time
requirements, lower current stress of two switches and same
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Control signals generation of the type-I inverter.

magnetic volume as of its counterpart DBI. In addition, it offers
reactive power flow operation.

II. PROPOSED TOPOLOGIES AND OPERATION ANALYSIS

A. Type-I Inverter

Fig. 2 shows the proposed type-I inverter for unity power
factor operation. It has four inductors L; — Ly, two diodes
D, Ds, four switches S; — Sy, and two capacitors C; and
Csy. An input capacitor Cj, can be used to alleviate the input
current ripple. The inductors are configured to prevent the shoot
through and work as boosting inductors. The main switches are
So and Sy, and S; and S3 are added to freewheel output current
1,. The body diodes of MOSFETs in the type-I inverter never con-
duct, thus, inherently eliminating their reverse recovery issues.

The control signals generation of the type-I inverter is shown
in Fig. 3. To obtain the control signal of S5, a sinusoidal sig-
nal vy = Gsin(2 ft) is multiplied with in-phase line-frequency
rectangular signal v,,. v, has an amplitude 1, dc offset 0.5, duty
cycle 0.5, and frequency f. G is the output voltage gain of the
inverter and f is line frequency. The resulting half-sinusoidal
signal is then added with a constant of a value of 1. Finally, the
inverse of the dc-biased-half-sinusoidal signal is compared with
a triangular carrier signal vy,;. Similarly, to generate vy54, —v;
is multiplied with an inverted v,,. The half-sinusoidal signal is
summed with a constant 1. The inverse of the dc-biased-half-
sinusoidal signal is compared with v;,;. The switch S; and Ss
operate at line frequency.
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Fig. 4. Waveforms of the proposed type-I inverter. (a) v, > 0. (b) v, < 0.

B. Operation of the Type-I Inverter

Dead times in the switching signals of the type-I inverter can
be completely removed. Theoretical waveforms of the type-I
inverter are given in Fig. 4. d; and dj are the duty cycles of .Sy
and Sy, respectively. ¢4 a3, ¢s1-s4, and ip1_p4 are the diode,
switch and inductor currents defined in Fig. 2. v¢, and ve, are
the voltages of C and Cs, respectively.

Forwv, > 0, .55 is ON, S} and S, are OFF, Dj is reverse biased,
L, does not conduct and L3 freewheels ¢,. In a switching period,
the inverter has two states.

1) Active state: As shown in Fig. 5(a), Sy is ON and L, and

Lo store energy.

2) Freewheeling state: As shown in Fig. 5(b), Ss is OFF, D,

is forward biased and L; and L, release the stored energy.

For v, < 0,51 is ON, Sy and S5 are OFF, D is reverse biased,
L does not conduct and L, freewheels i,. The switching states
are as follows.

1) Active state: As shown in Fig. 6(a), S is ON, Dj is reverse

biased and L3 and L, store energy.

2) Freewheeling state: As shown in Fig. 6(b), Sy is OFF, D3

is forward biased and L3 and L, release the stored energy.

C. Type-II Inverter

Fig. 7 shows the proposed type-Il inverter. It can provide reac-
tive power. Compared to the type-I inverter, the type-II inverter
requires two more diodes Dy and Dy.
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(b) Freewheeling state.

The gate signals of Sy and S, of the type-II inverter are the
same as of the type-I inverter (see Fig. 8). However, S; and S3
of the type-II inverter receive complementary switching signals
of Sy and Sy, respectively.

D. Operation of the Type-II Inverter

As the converter has no shoot-through problem, the dead
time in the switching signals of the type-II inverter can also be
eliminated. However, the high-frequency switching of S; and
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S3 generates circulating currents in the type-II inverter. In order
to limit the circulating currents small dead time between .Sy
and Ss, and S3 and Sy can be used. In a switching cycle, the
inverter has three states as shown in Fig. 9. The four-quadrant
ac operation of the type-II inverter is shown in Fig. 10. It has
four cases: (v, >0, i, <0), (v, >0, i, > 0), (v,(0, i,)0),
and (v, <0, i, < 0).
The operation of the type-II inverter for v, > 0, i, < 0 is
discussed below. Similar analysis can be extended for the other
three cases.
1) Active state: As shown in Fig. 11(a), S5 is ON and 5] is
OFF. However, S5 does not conduct.

2) Dead-time state: As shown in Fig. 11(b), S; and S5 are
OFF and D> is forward biased.

3) Freewheeling state: The switch Sy is ON and S is OFF,
however S, does not conduct as shown in Fig. 11(b).
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Fig. 11. Topological states of the type-II inverter for v, > 0 and ¢, < 0.
(a) Active state. (b) Freewheeling and dead-time states.

The body diodes of switches in the type-II inverter do not
conduct under the unity power factor operation. The S; and S5
of the type-II inverter can conduct in reverse direction when
v, and i, are not in-phase. The body diodes’ conduction of .Sy
and S3 is dependent on their voltage drops. However, S7 and
Ss conduct in reverse direction only when they are switching
at line frequency and v, and ¢, are not in-phase (see Fig. 11).
Therefore, their switching loss and reverse recovery issues are
negligible.

In all operations, regardless of operation modes the following
relations are always valid.

Forv, > 0
- V, Sin(wt)
di (t) = v smen
dy (t) =0 0
vo, = ‘2 77 = Vin + VoSin (wt)
Vo, = ‘21;( ) = Vin~

111
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Fig. 12.  Inductor volume and conduction loss comparison.
Forv, <0
d1 (t) = 0
o V,Sin(wt—m)
dy (1) = v vosmor ) )
Vl _
Vo, = a0 - Vin
vo, = ‘27” = Viy + V,Sin (wt — 7).

From Fig. 2, v, =v¢, —ve,. Using (1) and (2), v, =
V, sin(wt). From (1) and (2), the output voltage gain is ob-
tained as G = “// = 11)7“ Where D,,., is the maximum

value of d; and dg which occurs at the peak of v,,.

III. DESIGN CONSIDERATIONS OF THE INVERTERS
A. Magnetic Volume

As depicted in Fig. 12, for i, > 0, Ly and Ly of the proposed
inverters are in series and they work as boosting inductors. The
sum of L; and L of the proposed inverters is same as L. of the
DBI. Similarly, for i, < 0, L3 and L, of the proposed inverters
are in series and they work as boosting inductors. The sum of
L3 and L, of the proposed inverters is same as L. of the DBL
Therefore, the magnetic volumes and total inductances of the
proposed and conventional boost inverters are equivalent.

B. Inductor Conduction Loss of the Type-I Inverter

The DBI requires two inductors L;. and Ly.. For¢, > 0, L,
is aboosting inductor and L. freewheels i,. Fori, < 0, Lo, isa
boosting inductor and L, . freewheels i, In the proposed type-I
inverter, for i, > 0, L; + Lo = L. work as boosting inductors,
Ls freewheels 7, and L4 does not conduct (see Fig. 12). For i, <
0, Ls + Ly = Lo, work as boosting inductors, L; freewheels
i, and Ly does not conduct. Thus, in the type-I inverter the
inductor conduction loss can be decreased by disabling Lo and
L, during the current freewheeling.

In the type-l inverter, Ly = L, are designed with 0.3 mH and
Ly = L3 are designed with 0.05 mH. For ¢, > 0, L1 + Ly =
0.35 mH limit the inductor current ripple, L3 = 0.05 mH free-
wheel i, and L, = 0.3 mH does not conduct. Similarly, for
i, < 0, L3 + Ly = 0.35 mH limit the inductor current ripple,
L1 = 0.05 mH freewheel i, and Lo = 0.3 mH does not con-
duct. For the same inductor current ripple, L. and Lo, in the
DBI must be designed with 0.35 mH. As illustrated in Fig. 12,



112

8
;ﬁ 7 VS"‘ESS / VO
~ 6f
?, : All switches of Type-ll inverter,
;‘E ST DBI, and inverter in [26]
al : 82 and S4 of Type-l inverter
N
2l
1 ] ] | N
0 0.2 0.4 0.6 0.8 1
Dmax
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forz, > 0, L1, = 0.35 mH limits the inductor current ripple and
Lo, = 0.35 mH freewheels i,,. For i, < 0, Ly, = 0.35 mH lim-
its the inductor current ripple and Lq. = 0.35 mH freewheel ¢,,.
Thus, in the proposed type-I inverter, smaller inductors 0.05 mH
freewheel ¢,, while in the DBI larger inductors 0.35 mH free-
wheel 7,,. Therefore, the inductor conduction loss can be reduced
in the type-I inverter.

C. Inductor Conduction Loss of the Type-1I Inverter

In the type-II inverter, circulating currents are generated due
to high-frequency switching of S; and Ss. To limit the circu-
lating currents, L; and L3 should be designed larger. In this
paper, L; and L3 of the type-II inverter are designed of 0.3 mH.
Compared to the type-I inverter, type-II has higher inductor con-
duction loss, because in the type-linverter, L1 = L3 = 0.05 mH
freewheel 7, while in the type-II inverter, L; = L3 = 0.3 mH
freewheel 7,,.

D. Switch Voltage Stress in the Type-II Inverter
The voltage stress of S; — Sy of the type-II inverter is ob-
tained as
Vo
Diax

The voltage stress of all switches of the DBI [7] and inverter
in [26] is same as given in (3) and plotted in Fig. 13.

3

V;tress = VCL? =

E. Switch Voltage Stress in the Type-I Inverter

So, Sy : Their voltage stress is same as in (3).

S1, S5 : As shown in Fig. 14, for ¢, > 0, S5 is ON therefore
voltage of Ls is zero. For i, < 0, S is ON and voltage of L,
is zero. From Fig. 14, maximum voltages of S; and S5 are

obtained
Vaa =V +V,

Vis = Vi3 +V,

i, >0

_ 4)
1, <0

where V7 and V73 are the maximum voltages of L; and Ls.
From Fig. 14, V71 and V7 3 are obtained as

Ly L

Vit = Vis = kViy . k= - .
H ks Li+Ly L3+ 1Ly

(&)
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i, <0.S4 = ON, Sy = OFF| i, <0,5,=ON, S; 4 = OFF

Fig. 14.  Voltage stress of S and S3 in the type-I inverter.

1: k=0.01, 2: k= 0.1, 3: k= 0.25
5 4: k=0.5, 5: k=0.75, 6: k=1

0.4

Fig. 15.  Voltage stress of S; and S3 in the type-I inverter for different values
of k.
TABLE I
VOLTAGE STRESS OF SWITCH S3 IN THE TYPE-I INVERTER
k Ly = kLeff Vs W) = kVin +V
1 Less 232
0.5 0.5Lpf 193
0.33 0.33Lyy 180
0 0 155

In(5), Ly + Ly = Lg + Ly isrepresented as L.g . By putting
(5) in (4) and using the voltage gain relation V,/Vi, =
Dinax/(1 — Dpax), the voltage stress of S7 and S3 can be ex-
pressed as

V;) (k - kDmax + Dmax)

Vit,s3 = Do . (6)
From (6), % versus Dy, is plotted in Fig. 15 for dif-

ferent values of k. It is noted that Vy; 43 decrease with k. To
further clarify the above-mentioned analysis, simulated voltage
waveforms of S5 for different values of k, Vi, =77 V and
V, = 155 V are shown in Fig. 16. The values of k, L3 and volt-
age stress V3 of S3 are given in Table I. As shown in Fig. 16,
when k approaches 0, V3 reaches V,, and when & approaches
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Fig. 16. Voltage of S3 in the type-I inverter for different inductance values
of L3 .
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Fig. 17.  Comparison of voltage stress of S and S3.

1, Vi3 reaches Vi, + V,, given in (3). Thus, to keep the inductor
conduction loss and voltage stress of S; and S3 lower L; and
Ls should be designed smaller.

The voltage stress of S; and S in the type-I inverter Vi 3
from (6) is normalized to the voltage stress Vii,ess Of the type-II,
DBI and inverter in [26] from (3) as

‘/,«;1‘,33

= (k — kDmax Dmax .
Vvstress ( " )

(7

The ratio in (7) is plotted in Fig. 17 for different k values. It
is noted that for smaller % values the maximum voltage stress of
S1 and Ss in the type-I inverter is significantly smaller.

F. Switch Current Stress of the Type-I and Type-II Inverters

The switch current stress of the type-I and II inverters are
given as

I,
1- Dmax
Isl,sS =1I,.

()

-[52,.94 =

€))

From (8) and (9), I2.4/1, and I s3/1, are plotted in
Fig. 18(a). The maximum switch current (Iyess.pp1) of all
switches of the DBI are same as in (8). 51 53 of the proposed

8 1
0.8
6 Ig>s4 Ig; 53
I P
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4 I
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T >/ Lsis3 0.4
0
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* 0.2
(] o
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Fig. 18. Switch current stresses. (a) Proposed inverter. (b) Comparison
between the proposed inverter and DBI.

inverters from (9) is normalized to I ess. DB AS

Isl,sS

=1- Dmax~ (10)

Istress.DBI

The ratio in (10) is plotted in Fig. 18(b). As shown the current
stresses of S7 and S5 of the proposed inverters are much lower.

G. Inductance and Capacitance

From Figs. 5 and 6, Leg for current ripple 2% of maximum
inductor current [, is obtained as

‘/o (1 - Dmax)
Lyg = ——m———- 11
eff fswx%IL ( )
I, is same as in (8). Using (8) and (11) we get
‘/o(l - Dmax)2
Lyy=——-—""""— 12
“ f'SlUx%IO ( )

From Figs. 5 and 6, the capacitance of C; and C; for voltage
ripple y% of maximum capacitor voltage V-1 o is obtained as

IoDmax

= --: 13
fswaCI,Z ( )

The maximum capacitor voltage V¢ » is given by (3). Using
(3) and (13) we get

I,D
C = max

A (14)

IV. RMS CURRENTS AND CONDUCTION POWER LOSS

In the following analysis, i,(t) = I,Sin(wt) and d; (¢) and
ds (t) are used from (1) and (2).

A. RMS Currents

S1, S3: Their rms currents are obtained as

1 27 ) i
ISl,&rms = \/271_/71' Zo(t)Q.d (wt) = 5[

~

15)
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Sa, Sy Their rms currents are derived as
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TABLE II
SPECIFICATIONS AND POWER DEVICES

2
I59 4 yms / .dy (t) d (wt) Topology Parameter Symbol Part.No./Value
2 o \1-— d1 ) Output power P, 500 W
Type — Output voltage v, 155 Vi
-1 vV 32V, Viy + 97TV02) 16 Tand II Input voltage Vin 70 — 200 Vy,
o AV \/3_7T : (16) Line frequency f 60 Hz
w Switching frequency fow 50 kHz
From (16) Ig2 4.,ms in terms of G can be expressed as MOSFET S1— 5 60C7040
Diode Dy, D RURG3060
Capacitor Cy, C. 3uF
2G  3G? . b
I =1 = . 17 Output capacitor C, 6.8 uF
§2,4.rms ¢ ( 3T 16 a7 Input capacitor Cin 0.4 mF
Type Diode D,, D, RURG3060
D1, Ds: Their rms currents are obtained as =1 Inductor Ly, Ly 50 uH
Inductor Ly, Ly 0.3 mH
2 Type — 1 Inductor Ly, L, 0.3mH
I = (1 —=d: (t)).d(wt Inductor L, L 50 uH
mame = 52 | (20 ) - @)dten L
1, 3m Vm + 38V, (18) Lca:s2,54  Lsim:S2ands4 -2Cal: 12,14 >Sim: L2, L4
RN : SCal: L, L3 Sim:L1, L3 <:Cal: S1,83  <tSim: S1,53
S.Cal: D1,D3  ==Sim: D1, D3
From (18) Ip1 3.:ms in terms of G can be expressed as 12 ‘ T
’ -
. //
I IRV (19) 210 =
.= — e - ’
D1,3.rms 0 4 37T g 3 // /
Ly, Ly: Their rms currents are obtained as 5 8 /7 L~
|72} // /
/ 1
2 E 6 " // e
ILQ ,4.rms .d (L«)t) 75-
2 1 - d1 1—dy (t) i
* - 4
B 127V:2 + 64V, Vip + 97V2 20)
o 487V;2 ' 2
05075 1 12515175 2 22525275 3
From (20) 17,2 4 rms in terms of G can be expressed as Voltage Gain (G)
32 4G Fig. 19. Comparison of the rms currents for P, =500 W and
IL2,4.rms = Io 16 + 3 (21) Vo =155 V.

Ly, L3: Their rms currents are modeled as

ILl,S.rms

_ % </;(%)2.d(wt)+/:ﬂ(io (t))Q.d(wt)>

64V, Viy + 97V2 + 247TV2
=71 22
\/ Ty 22)
From (22) I1,1 3.,ms in terms of G can be expressed as
3G2 4G
Iy 3.0ms = 1o . 23
L1,3.rms BT + o (23)

For close examination of the modeled results, the rms currents
of the proposed inverter are simulated using the PSIM software
with electrical specifications given in Table II.

The simulated and calculated rms currents are compared in
Fig. 19. The calculated results are in very good agreement with
the simulated results.

TABLE III
CONDUCTION LOSS OF POWER COMPONENTS

Power component Conduction power loss

51’ 53 1521,3.1'msts
52’ 54 1522,4.1'msts
D1, D3 112)1,3.rmsRak + 1D1,3.FVVf
LZﬂ L4 IZZA—.TmSRLZA-
Lla LS 131,3ArmsRL1,3

B. Average Currents

The average currents of D; and D3 are obtained as

/. 1,
IDLS.FV = g/ IUSIII (O.)t) .d (wt) = ? (24)
0

C. Conduction Loss

The conduction loss of the power devices can be estimated
using power loss equations shown in Table III. In Table III,
R is the channel resistance of MOSFET, V; is the forward
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TABLE IV
COMPARISON OF THE POWER INVERTERS
Differential-boost [Improved differential-| Quasi Z-source Switched-coupled Buck-boost Proposed type-1I | Proposed type-I [Buck-Boost Inverter
inverter [DBI] [7] | boost inverter [12] | inverter [4], [33] |inductor inverter [14]| inverter in [13] inverter inverter in [26]
Volta ai
© dge gdln Dmax Dmax (M = 1 - DZS[) SD - 2 Dmax Dmax Dmax Dmax
A _ Tmax
G = V_ 1- Dmax 1- Dmax 1- 2DZSI D 1- Dmax 1- Dmux 1- Dmax 1- Dmax
L
Maximum duty G G G-1 2 G G G G
cycle Pmoc= 757G | Pree= 173G |PwiZ3g-q1| P75-g |Pre7ig| PreZiig |Pmetiig| PneT oG
Operation single-stage single-stage quasi single-stage single-stage single-stage single-stage single-stage single-stage
P symmetrical symmetrical symmetrical symmetrical asymmetrical symmetrical symmetrical symmetrical
Total no. of
ewitchos 4: (S, —Sy) 6: (S. —Se) 4:(S; = S4) 3: (S1, 52, Sx) 4:(S; = S4) 4:(S; —S,) 4: (S, —S4) 4:(Sy = S4)
High frequency
switches out of the 4: (51— 54) 4: (S1—Sy) 4: (851 —S4) 3: (51,52, Sy) 4: (S1—Sy) 4: (S1—S4) 2: (S5, 84) 4: (S1—Sy)
total switches
Line frequency
switches out of the 0 2:(Ss,S6) 0 0 0 0 2: (81, 53) 0
total switches
Switches at high _ 2:(851,S;) or . _ . 2:(851,8,) or 2:(S51,S;) or . 2:(81,S,) or
frequency at a time| (51 =59 (S3,55) 4 (51=54) 3 (51,52 5) (S2,53) (S3,54) 11 (52 o1 54) (S3,55)
Diodes 0 0 1: D, 0 0 4: (D — Dy) 2: (D4, D3) 4: (D, — D)
S — Sy 5-6)(G—1
Si= S 26— 1)1 5. 09D S 5. o 5. o, S
S-Sy a+a6), (boost) | Sy — Sy a er (;4)'1 a er 64).1 a+6),
Current stress 1+a6), S2:——1,, a+a6), o o
S5 — Sg: 51,8301,
51 6 S1— Sl SX.S—Gl S1,S3: 1, S1,S3: 1, 193 fo
° (buck) 3-6“
Sy — Sy Sy =S, 6546, 525 P
S, — Syt 1 26 -1V, "6 Sy — Syt 1+, 1T
1 14 (1+E)VD - o (bo) 51_54: 1 14 ( G) o (1+1)V
Voltage stress 1+, 546 1 1+, v
G Sy =Sy T+2% G S SV
_c. 52,x v, G 1,93 Vo
S5 =St Vo Yo iy G
M
Shoot-through risk yes yes no yes yes no no no
PWM dead-time yes yes can be eliminated yes yes no no yes
MOSFET body
diodes reverse yes yes yes yes yes no no no
recovery issues
86.3 % at 92.6 % at 90.2 % at 90.5 % at 96.5 % at 97 % at 96.1 % at
Fsw= 20 kHz Fsw= 20 kHz Fsw= 10 kHz, Fsw= 20 kHz Fsw= 50 kHz Fsw= 50 kHz Fsw= 50 kHz
Peak measured F=50 Hz F=50 Hz F=50 Hz F=60 Hz ot available F=60 Hz F=60 Hz F=60 Hz
efficiency Vin=80 V Vin= 80 V Vin=90 V Vin= 62 V Vin= 155V Vin= 155V Vin= 155V
Vo=110 Vrms Vo= 110 Vrms Vo=110 Vrms Vo=110 Vrms Vo=110 Vrms Vo=110 Vrms Vo=110 Vrms
Po=500 W Po=500 W Po=300 W Po=280 W Po=500 W Po=500 W Po=500 W
Common ground no no no yes yes no no no
Reactive power es es es es es es no es
operation ¥y ¥y y y y Vi Vi
Magnetic Volume
“‘;gec'"‘lzﬁe DBI Same as DBI NA NA Sameas DBI | Sameas DBI | Sameas DBI | Twice of DBI
specifications

voltage drop of diode, R, is the conduction resistance of diode,
and Ry 3 and Rp9 4 are the equivalent series resistances of
inductors. The conduction and switching loss of the type-I and
II inverters were simulated using thermal and device database
editor modules in PSIM software. In device database editor
module, inductors, MOSFETS, and diodes are modeled using data
from the datasheets of the components. The power loss of the
type-1II inverter is higher than the type-I inverter, because in the
type-I inverter, a single high frequency switch is switching and
in the type-Il inverter two high-frequency switches are switching
at a time. In addition, the conduction loss of the type-II inverter
is higher than the type-I inverter.

V. COMPARISON OF THE PROPOSED AND
CONVENTIONAL INVERTERS

The comparison of the proposed and conventional inverters
is given in Table IV. In the DBI, all the switches are switched

simultaneously under the high-voltage stress (sum of input and
output voltages) and current stress (sum of input and output cur-
rents). In addition, it uses IGBTs as switching devices with fi-
nite dead time in the switching signals, therefore its efficiency is
considerably lower. The inverter in [14] has only three switches
but its voltage and current stresses are higher, which results in
lower efficiency. The inverters in [7] and [12]-[14] have the
shoot-through risk, therefore dead time is used which limits the
switching frequency and achievable voltage gain.

As shown, only one switch of the proposed type-I inverter
and two switches of the proposed type-II are working under
high frequency, which results in lower power loss. In addition,
shoot-through issues, PWM dead time and MOSFETs reverse re-
covery issues can be eliminated. Furthermore, the current stress
of the two switches (51,53) in the proposed type-I and II invert-
ers is I, and the voltage stress of the two line frequency switches
in the proposed type-I inverter can be as low as V. Moreover,
the inductor conduction loss in the type-I inverter is reduced.
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Fig. 20. Comparison of the switching and conduction losses at 50 kHz.

(a) Type-I. (b) Type-II.

Due to the advantage of the proposed inverters, higher switch-
ing frequencies can be used for the reduction of the passive
components. For detailed comparison, see Table IV.

VI. EXPERIMENTAL RESULTS

To verify the theoretical analysis, 500 W hardware prototypes
of the proposed inverters were built and tested. The electrical
specifications are given in Table II.

A. Type-II Inverter

The experimental waveforms of the type-II inverter are shown
in Figs. 21-23. The waveforms in Figs. 21 and 22 are obtained
with resistive load R; = 24 (). Fig. 21(a) shows the waveforms
of the input voltage V;,,, output voltage v,, and capacitor voltage
ve, and ve, of Cy and Cy, respectively, in the boost operation.

Fig. 21(b) shows the waveforms of the drain-source voltage
UDS,, VDS, UDS,, and vpg, of the switch Sy, Sz, S3, and Sy,
respectively. Fig. 21(c) shows the waveforms of the input current
tin, current ¢; through the inductor L, and current i5 through the
inductor L. Fig. 22 shows the waveforms of the type-II inverter
in the buck operation. The waveforms in Fig. 23 are obtained
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¥, [100V / div] Vo [100V / div]

MNEAT KA A

A TR R LI
Cl [200V /div] v, 5 [2007 /div]
/NN CNG

\MAA Tromtseedarvy

A/

(2)

Vps, [200V / div

s, 2007 / div]

os; [2007/div]

K"D&, [2007 / div]

— i

(b)

;/\<i2 [IOA/diV]/\ /\_

ii[10 4/ div]

[Smsec/ div]

(©)

Flg. 21. Boost operation of the type-Il inverter (Resistive load,

Vin =77V, V, =155V, P, =500 W).

Vi [1007/ div]

Vo100V [div]

A\ ya\ ya\ /X N\ N\ /

\/vcl 200 H div] vc\I/OOV s \V AV
ARAANZNAAAAAS

[10msec/ div]

. 200V _ .
Vps, 200V / di
d c/ div]

(b)

(2)

Jin[104/div]

- N[04/ 8] /

[Smsec/ div]

©

Fig. 22. Buck operation of inverter load,

Vin =200V, V, =155V,

the type-II
P, =500 W).

(Resistive
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v, [1007 / div]

Vi [100V / div] o

J / %/io [3.2A/div]/%

/ N

Nvps, [2007/ div] [5msec/ div]

Fig. 23.  Boost operation of the type-II inverter (partially inductive load,
Vin =77V, V, =155V,;).

/\(v,, [200V / div] V;,, [200V / div]
VARV VARV
/"Cl [2007 / div]
i ve, 2007/ div]
AN A [10#msee div
(@
o 7 OoINO _A“___._

Vps, [200V / div] /'Ds, 200

I'4

" (2007 ) d1v] ——

(b)

a2 4ldiv] al9A4div]

! [5msec/ div]

(©)

Fig. 24. Boost operation of the type-I inverter

Vin =77V, V, =155V, P, =500 W).

(resistive load,

with partially inductive load (R, =24 Q, L; =50 mH) in
the boost operation.

B. Type-I Inverter

The experimental waveforms of the type-I inverter are given
in Figs. 24 and 25.

As shown in Figs. 24(b) and 25(b), the drain source voltage
of S; and S3 in the type-I inverter is much lower than the
type-II inverter shown in Figs. 21(b) and 22(b). Ideally, for a
unity power factor inverter v, and i, are in-phase. However,
in practical implementation as shown in the waveforms of the
type-I inverter, due to the reactive components of the converter,
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Fig. 25. Buck operation of the type-I inverter (resistive load,
Vin =200V, V, =155V,, P, =500 W).
e A0y 2 r%«,;[50 ¥ /div]
/\ ip (44 Adiv] |
/Y L

*\/ \V,

[20msec/ div]

v, [50V /div]

[20msec/ div]

(a) (b)

Fig.26. Dynamic results. (a) Step-load change. (b) Step-input voltage change.

a small phase shift between v, and 7,, can occur, which can lead
to a small zero crossing distortion.

The type-II inverter due to its reactive power flow capability
does not generate zero crossing distortion even when v, and i,
are not in-phase (see Fig. 23).

Fig. 26(a) shows the dynamic experimental results for the
step load change from 24 to 100 2. Fig. 26(b) shows the results
for the step input voltage change from 180 to 100 V. Fig. 27
shows the measured efficiencies. Fig. 28 shows total harmonic
distortion (THD) of output voltage versus input voltage. Fig. 29
is a photo taken of the prototype. All the experimental results
are in good agreement with the theoretical analysis.
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Fig. 27. Measured efficiencies.
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Fig. 28. Measured THD of output voltage versus input voltage.

Fig.29.  Prototype picture.

VII. CONCLUSION

In this paper, type-I and type-II split-inductor differential
boost inverters were presented. Compared to the traditional
boost inverter, the proposed inverters have more inductors count.
However, the total inductance and magnetic volumes of the pro-
posed and traditional boost inverters are equivalent. The type-
I inverter requires two extra diodes and the type-II inverter
requires four extra diodes compared to the traditional boost
inverter. However, the proposed inverters have many benefits
given as follows.
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1)

2)

3)

4)

5)

6)
7

High efficiency is obtained by using power MOSFETS in
conjunction with external fast recovery diodes without
reverse recovery issues of the MOSFETs body diodes.
High reliability is obtained by eliminating shoot-through
issues.

Dead time in the type-I inverter is eliminated while in
the type-II inverter it is minimized, which improved the
efficiency and output voltage quality.

High switching frequency of 50 kHz is used to reduce the
volume of the passive components while maintaining high
efficiency.

Current stresses of the two switches in both the type-I and
II inverters and voltage stress of the two switches in the
type-I inverter are lowered.

Inductor conduction loss in minimized.

Two switches of the type-I inverter are line frequency, and
only one switch of the type-I inverter and two switches of
the type-II inverter are operated under the high-frequency
switching at a time, which deceased the power loss.

The operation of the proposed inverters was explained and an-
alyzed. The experimental results obtained for 500 W, 110 Vrms
hardware prototypes verified the analysis.
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