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Abstract: A new circuit structure and control method for a high power interleaved dual-buck
inverter are proposed. The proposed inverter consists of six switches, four diodes and two
inductors, uses a dual-buck structure to eliminate zero-cross distortion, and operates in an
interleaved mode to reduce the current stress of switch. To reduce the total harmonic distortion at
low output power, the inverter is controlled using discontinuous-current-mode control combined
with continuous-current-mode control. The experimental inverter had a power-conversion
efficiency of 98.5% at output power = 1300 W and 98.3% at output power = 2 kW, when the inverter
was operated at an input voltage of 400 Vbc, output voltage of 220 Vac/60 Hz, and switching
frequency of 20 kHz. The total harmonic distortion was < 0.66%, which demonstrates that the
inverter is suitable for high-power dc-ac power conversion.

Keywords: DC-AC power conversion; inverters; harmonic distortion; low cost

1. Introduction

The full-bridge inverter (FBI, Figure 1a) is widely used for dc-ac power conversion because of
its simple structure and easy control [1]. An FBI uses sinusoidal modulation of the switching duty to
produce an alternating output voltage. The FBI has a shoot-through problem [2], which occurs when
the high side and low side switches (S1 and Ss, or Ss and S2) are turned on at the same time; this
problem can cause serious circuit damage. The shoot-through problem can be solved by inserting a
dead-time between the gate pulses of the high and low side switches, but inserting a dead-time
changes the effective switching duty ratio and increases zero-cross distortion (ZCD) [3]. The FBI has
the other disadvantage of requiring high-rated switches and large output filters [4,5].

Various dual-buck inverters [6-15] have been proposed to remedy the disadvantages of the FBL
The dual-buck inverters use freewheeling diodes to solve the shoot-through problem but have high
output current ripple. The interleaved dual-buck inverter (IDBI) in [9], as shown in Figure 1b, is
basically a parallel connection of four buck converters. In this inverter, Su1 and Suz operate to generate
positive sinusoidal voltage, Sp1 and Sp2 operate to generate negative sinusoidal voltage, and the
switching-phase differences between Su1 and Suz and between Spi and Sp: are set to 180°. Thus, the
current of Su1 is interleaved with that of Suz, and the current of Sp is interleaved with that of Spa.
Using an interleaved mode reduces conduction losses, output current ripple, and current stress in
switches and diodes. IDBI requires four inductors, so it is expensive and bulky. When IDBI uses
typical sinusoidal pulse width control and operates at a low output power P,, IDBI has much higher
total harmonic distortion (THD) of the output current than that of the FBL
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Figure 1. Circuit structure of dc-ac inverters: (a) full-bridge inverter (FBI) and (b) interleaved dual-
buck inverter of [9] (IDBI [9]).

The inverter proposed in this paper (Figure 2) is a modified IDBI. This inverter inherits the IDBI's
advantages but uses two reverse-current-protection diodes Dps and Dus to reduce the number of
inductors and a new control method to reduce the THD of the output current. The proposed inverter
operates in discontinuous conduction mode (DCM) [16] when the output current is below the
threshold; otherwise, it operates in continuous conduction mode (CCM). The circuit structure and
principle of operation are described in Section 2, experimental results and discussions are given in
Section 3, and a conclusion is given in Section 4.

2. Proposed Interleaved Dual-buck Inverter

2.1. Circuit Structure and Principle of Operation

The proposed inverter (Figure 2) uses two dual-buck legs (leg 1: Sui, Duy; leg 2: Suz, D) to
generate Vgria 2 0 V, two dual-buck legs (leg 3: Spi, Dpy; leg 4: Spz, Dp2) to generate Vgria < 0 V, two
blocking diodes (Dus, Dps) to prevent the current flowing through the body diode of switch during
freewheeling mode, and two unfolding switches (Sus, Sps) to determine the polarity of the output
current. Legs 1 and 4 are connected to L1, and legs 2 and 3 are connected to L. Therefore, the proposed
inverter requires two inductors, unlike interleaved dual-buck inverters, which have four legs and one
inductor per leg. The proposed inverter works with the switching states and leg voltages Van_on and
Van_of in Table 1. Leg switches Sui, Swz, Spi, and Spz operate at a fixed switching frequency f: = 1/Ts,
where Ts is the switching period. The switching duty D is varied to produce a sinusoidal output

voltage ¥, (t) =V, sin( 1) .
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Figure 2. Circuit structure of the proposed inverter.

The simplified gate signals (Figure 3) for the proposed inverter show that legs 1 and 2 operate
for Vgria > 0 V and legs 3 and 4 operate for Vgia <0 V. Sus turns for Vgie >0 V and Sps turns on for Vgria
<0 V. To obtain interleaved dual-buck operation, the switching phase differences between Su1 and
Suz and between Sp1 and Spz are set to Ts/2. The difference in switching phases reduces ZCD and
prevents shoot-through without inserting dead time between switching pulses (Table 1).
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Table 1. Switching states and input voltages for inductors in the proposed inverter.

Virid >0V <0V
Swun ON/OFF OFF
Sz ON/OFF OFF
Sus ON OFF
Sp1 OFF ON/OFF
So2 OFF ONJ/OFF
Sps OFF ON
Van_on Vin ~Vin
Van_off 0 0
St Veria > 0 : Veria <0
Lonfinn | :
Sz t
00ty :
SDIT t
| LA E
SDZT t
LOOOC0MH
Sust t
smT 7
7

Figure 3. Simplified gate signals of the proposed inverter.

When Vgria > 0 V, the current i1 and voltage Vi1 waveforms of the inductor L1 (Figure 4a) consist
of three operating modes: Mode 1 during which the input energy is delivered to L: and the load;
Mode 2 during which the stored energy in L1 is delivered to the load; and Mode 3 during which the
stored energy in L1 = 0; Mode 3 occurs only when the inverter operates in DCM.

Mode 1 starts at ¢, = (n—1)7, by turning on Su1 (Figure 4b), where the integer # is a switching
sequence number. During this mode, the output voltage ¥V, ofleg1is V,, . The inductor current

m
i;;(t) increases as t increases, because V,, =V, -V, ., >0 Vand

gri

. . Lt

010 = iy ) +— [ Vi e 1)
1 %h

Mode 2 starts at ¢, =(n—1+ D)T, by turning off Su1 (Figure 4c). During this mode, V', is0V.
iry(t) decreases as t increases because V;; =V —V,,;; <0 Vand

i () =ig )+ LLL: Vi (@)dr. o)
1

Mode 3 starts at ¢, =(n—1+A)T, where AT, is duration of i;,(r) >0, when Du is turned off

(Figure 4d). This mode is skipped when A =1, i.e., when the inverter is operating in CCM. During

this mode, v,y =V, because i;,(t)=0 and the energy stored in L1 is 0.
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Figure 4. Theoretical waveforms and circuit diagrams for leg 1: (a) Vi1 and ir1 for DCM and CCM

operation, (b) circuit diagrams for Mode 1, (c) circuit diagrams for Mode 2, and (d) circuit diagrams

for Mode 3.

The voltage ¥,y of node A with respect tonode N equalsto ¥,
(Table I) produce V,y =

y

in

average of V,, for one switching period is expressed as

u

0 V11 (1) . The switching states
in Mode 1, ¥,y =0 Vin Mode 2, and V,y =V, in Mode 3. The

diLl_avg 3
VANiavg = Vgrid + VLliavg = Vgrid + Ll T . ( )

Su operates with a switching duty of D = Dsut. v,y ,,, canalso be expressed as
VAN _avg T Vin DSUI + Vgrid (1 - A)’ (4)

because Van = Vi in Mode 1, Van =0V in Mode 2, and Van = Vgris in Mode 3. Solving for A using (3)
and (4) yields

A= VinDsun L din_ay )
Vgrid Vgrid dt
ir1 wyg 1 calculated using Equations (1) and (2) as
. . Vz - Vgrid (t 0)
I avg ®in (fo)J{T D TA. (6)
1

To achieve a power factor of 1, the time average of output current ; should be I, sin(ar)

o_avg
for V. (t) =V, sin(er). The inverter has L, = L, = L and operates in interleaved dual-buck mode, so

ly avg = 2001 avg- When the inverter operates in DCM, Dy, at ¢=¢, to produce sinusoidal Iy avg

is obtained using Equations (5) and (6), 27f, >> @ and i;,(f,)=0 as
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@)

L1y, sin’ (ar) oLl cos(ax) ? @l cos(ax)
DSUl = + .

VoV —2V, sin@))r, | 47, a7,

When the inverter is operating in CCM, A=1 and Dy, at t=¢, is obtained using Equation (5) as

V, sin(ax) N LI, cos(er)
V. 2V, '

in in

()

SUl =

The DCM interval during which the inverter operates in DCM is calculated using Equations (5), (7),
and A<I1 as

s -1 Vin Llo
O<at<sin'| —|1- 9)
Vg VT,
when Vyrid increases, and
. -1 Vin Lla
7—sin | 2 1-——||fwt<nx, (10)
Ve VT

when Vgria decreases.
The condition for operating the inverter only in CCM is obtained by setting the argument of
arcsine in Equations (9) and (10) less than 0, and is given as

VT
I >-57

0> (11)

7

and the condition for operating the inverter only in DCM is obtained by setting the argument of
arcsine in Equations (9) and (10) greater than 1, and is given as

V,T 14
I, <—£ (1——g]. (12)

L Vin
The waveforms ir2 and Vi2 of the inductor L2 for Vgria > 0 V are the same as i1 and Vi1 except that
they are delayed by Ts/2.
The waveforms ir1, V11, ir2, and Vi2 for Ve < 0 V are identical to the waveforms ir2, V12, i11, and Vi1
for Vgria >0 V, respectively, except that the polarity is reversed.

2.2. Design Constraint for L1 and L2

The inverter must operate at 7, <7 The highest switching duty Dgy; . Of Su is

o,max *

calculated using Equation (8) as

VA2 4L, )
<1

D = (13)
SUI _max ZVm
which results in the upper bound of L, =L, =L as
2V =V,
L<¥" & (14)
aioimax

This condition gives L<10344mH when P, =2 kW and I =129 A.

0_ max
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The current and voltage waveforms for L, are same as those for L, except the time delay by
T,/2; hence, the output current ripple ;i
Equations (1), (2) and (8) as

o ripple  Of the proposed inverter can be calculated using

. VinT
loiripple = L D(l_ZD) (15)
for0<D<1/2 and
iy vipple = %(1 - D)2D-1). (16)

for 1/2 <D <1; the highest i, ,,, occursatD =1/4 or 3/4. After allowing the highest i of 1
AatP.=2kW and f, =20 kHz (this condition corresponds to THD < 3%), the lower bound of L is
obtained using Equations (15) and (16) as

o _ripple

L> VinTs

~2.5 mH.
% m (17)

o _ripple max

Lin» =2.5mH was used in the experimental inverters to minimize the inductor size.

min

2.3. Controller Design

The controller (Figure 5) was designed using Texas Instrument’s TMS320F28335 digital signal
processor (DSP). This controller inputs Virid, io_ag, and Vi» and uses the D-Q axis control method [17]
to produce gating signals Sui— Sus and Sp1— Sps that can generate a sinusoidal io_wg. The controller
consists of a phase-locked loop (PLL), a D-Q axis controller, and a gate pulse generator. The DSP
operates at a clock frequency fux = 1/Tar = 150 MHz and the sampling frequency is the same as the
switching frequency fs = 1/Ts = 20 kHz. Thus, the sampling sequence number # is in the range of 0 <#
< 332 when the grid frequency f= &/27= 60 Hz, and clock sequence number j is in the range of 0 <j <
7499.

Veln] Spiz Sui-s
PLL || dim Duty  [4Djn]
»1 compensator
A
Verialn] }
Vinln] el Io_t_ref + solnl  Gate
B pulse
A/D
converter DQ axis generator
iy aglnl controller Dcenln)
DSP Board
?Vgrid ?ia_nvg?l/in ?I o d ref T] o g re=0 (TMS320F28335)

Figure 5. Block diagram of the control circuit for the proposed inverter.

The PLL (Figure 6) sets n = 0 and starts to operate when Vi = 0 and the enable signal EN = 1.
This circuit inputs Vg and estimates the amplitude Vi and phase =&t of Vii. Using
Verialn] =V, sin(@n]), the PLL generates a virtual grid-voltage Virid ¢s as
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Vria_al]| i(Vgria dln 1> 0)Viln) = Vs aln):}
—> else {V,[n] = -Vyiy dlnl; »V,[n]
Onl= On) + w3} if((91n] = 2mor(O|n] < 0)){dn] = 03}
else {O[n] = 8n];}

] o reset Y
eoln n + AN n

Ve 20k, ueglnl ek T, 3 el @»?‘M> 7,3 ol Ol
T+ i=0

i=0
*Vgrid_q[n] A @y
OIn
DQ - L]
varid_ qs[n]
/2 Veria aslfl| it(v,dn] = 0)andEN = 1)) [V gridl 1]
delay Veria aslnl = Vrilnls} €«—EN
Figure 6. Block diagram of the phase locked loop.

Vgrid_qs[n] = Vg COS(@[TI]) (18)

é[O] has been set to 0 if Vgridgs [0] 2 0 and to © otherwise. Thus, the initial estimation error

ey[0]=06[0] —9[0] is very small. Vgria and Vgria_gs are transformed into the voltages Vgrid.a and Viriaq in

the synchronous reference frame as

(Vgrld_dJ sin(é[n]) cos(é[n]) (Vgr[d_dsj
= ~ . oA (19)
Veria 4 cos(@[n]) —sin(@[n]) \Veria g
Because
Veria ¢ =Ve cos(a[n] - é[n])z V, (20)
Veria ¢ =V sin(H[n] - é[n])z V, (e[n] - é[n]) 1)

when é[n] =~ 0[n], V; and eg[n]:ﬁ[n]—é[n] can be calculated using Equations (20) and (21). The
PLL loop filter for a proportional-integral (PI) control produces

é["] = T,\' i (a)xet + kpiplleﬂ [m] + kiﬁp”T\' i €9 [l]j (22)

m=0

i=0
This equation is equivalent to

a)set

0) =+ + ~0(s)+ (23)

2
st +k,s+k;

in the s-domain, where s is the complex frequency. The final value theory iy s8(s) = |im 6(¢) of the

s—>0 t—oo

Laplace transform yields {ijm 6(¢) = lim 0(¢) - i-e., 0 ~ 0 = ot under steady state. (ky =2000 and ki= 0.1

t—> 0 t—
have been chosen for the experimental inverter; these values result in at a zero at s = -0.00005 and
two poles at s = —0.00005 and 2000, so the loop filter operates as a first-order system with a cutoff
frequency f. = 2000/2n Hz = f/20m = 5 x 60 Hz.)
The D-Q axis controller (Figure 7) consists of a CCM duty-calculator and a duty compensator.
The CCM duty-calculator inputs ioag and Vi: from the inverter, and 6 and V from the PLL. In the
CCM duty-calculator, io_mwg = io_ss is delayed by 7/2 to obtain the virtual current io_ss of iows. The D-Q



Energies 2020, 13, 1531 8 of 19

transformation separates io_wg into a D component [,_« parallel to the grid voltage and a Q component
Io_q orthogonal to the grid voltage:

I(lfllire_/_>
Din] Duty compensator |y [it401r] <Ot - 4Dl AD[”];O Dsyilnl
—> else n| =03
Eq(7)-Eq(8) +
Velnl— Dun]=Dcculn]
@ [n]¢ n d_ref Vg[l‘l]
I, L Vv dn
, I[nl deuln) kealnl+ T Zed[l _» an_aln]
T2 o0_qs [’1] — D [l’l
delay T3 V., 4
A 'l(’o_l 1
DQ D DQ
. —»|0L/2 | —Dln]
’n_uvg [l’l] Ia_dv [’l]

—~ln
> kpey [n]+ kT2 e,li]
1_n] % ’ et =0 Van_dln]
I 4r=0

Figure 7. Block diagram of the D-Q axis controller.

I, ) (sin(@n]) cos(@nl) | io_ds ”
1, cos(é[n]) —sin(é[n]) Iy gs
For given lo.i and lo4 the circuit topology results in the D-Q components of Vav in the
synchronous reference frame as

VANid Vg ol _107q L d
= +— (25)
Van 4 0 2\ 1, 4 2 dr\1 q)
and the D-Q components of the switching duty as
Dd 1 Vg oL _Io_q L d Io_d
=— +— t—— (26)
Dl] V;‘n 0 2Vm 10711 2Vm dt 10,‘1 ’

because V,y ,=V;,D; and V,y , =V, D,. The D-Q axis controller inputs lo_drf and lo_qrs as the

reference values of lo.a and o4, respectively, and calculates the errors e,[n]=1, ; ,, -1, ; and

e,nl=1, ; o - . Then, the controller generates the D-Q components of the switching duty for
CCM operation:
Dyln]) 1 (V) el 10 qlnl) Ky (edlil) KT, & edli]
=—|-= +— + +5y (27)
p,ln1)” 7,0 1, 4l )"V, \en)) "V, S\ eli]
Both D and Q components have equivalent closed-loop transfer function in the s-domain as
I, 4(s) I, 4(s) k,s+k;

= = =H(s
Iy g ref(8)  Io_g_ref(S) Ls? +k,s+k; ©). (28)

kv =5 and ki = 25 have been chosen for the H(s) of the experimental inverter. These values result in a
zero at s =-5 and two poles at s = =5.012, s = =1944.99. The zero at s = -5 is close enough to cancel the
pole at s ® -5.012; hence, H(s) operates like a first-order system with a cutoff frequency f. ~ 2000/2n
Hz =f/20mn = 5 x 60 Hz [18].
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To operate the inverter with a power factor of 1, the reference inputs must be lo_d_ref = lo=2Po/V
and lo_g_rf = 0; therefore, loa = loi_r¢=Io and lo_qg 2 lo_q_rf= 0 under steady state. Thus, the inverse D-Q
transform produces the switching duty Dcem for CCM operation as

V, sin(ar) | OLI, cos()
Vin 27,

in

Decy =Dyg =Dy sin(axt)+ D, cos(ax) =

(29)

that is given in Equation (8).

The duty compensator inputs Vin from the inverter, ¢ and Vg from the PLL, and Io__ from
CCM duty-calculator. Then, the compensator uses in Equations (7) and (8) to calculate the steady-
state duty difference AD between the switching duties for CCM and DCM operations. AD is given by

n . o\1/2
LL, 4 nyVgsin®(@ln]) [ @Ll, 4 cos(&ln])

AD[n] = -
] ViV, -2V, sin(d[n)I, ' 4v,, (30)

V', sin( é[n]) a)LIG_d_ref cos(é[n])
1% 4v,, '

in

The time fraction A in Equation (5) for which i; #0 is calculated using Equation (7) as

N R 2 1/2
v, Ll, 4 ,Vgsin®(@[n]) [ LI, 4 s cos(d[n])
= = —— — + ——
V, sin(@n]) || V,, [V, —2V, sin(@n)]r, 4v,
(31)
a)LIo d_ref COS(é[Tl]) a)LIo d_ref COS(QA[”])
+ - - - = <1
4V, 2V, sin(6[n])
which yields
~ ~ 2 ~
Ll, 4 oV, sinz(é’[n]) [a)L[o d_ref cos(@[n])} oll, ; . cos(d[n])
_d_re _ N _d_re . _d_re
. i 4y, 4v,
ViV =27, sin@n))r, A )

V,sin@nl) @Ll, ; . cos(d[n])
< + —
v, 27,

in in

This equation shows that the switching duty in Equation (7) for DCM operation is always smaller
than the one in Equation (8) for CCM operation. Thus, the controller uses
Dgy11[n] = DIn] = Dy [n]1+ AD[n] when AD[n] <0, and the inverter operates in DCM. Otherwise, the
controller sets AD[n] =0, and the inverter operates in CCM.

The gate pulse generator (Figure 8) inputs Dsu1 form the D-Q axis controller and generates gate
pulses for Sui— Sus and Sp1— Sps. In the gate pulse generator, two saw-tooth-signals Sc[j] and S¢[j] are
generated using two 16-bit up/down (U/D) counters; at each clock (clk) edge, the outputs Sc[j] and
Seli] of U/D counters increase by 1 when U/D = UP and decrease by 1 when U/D = DOWN. Initial
values of saw-tooth signals are S:[0] =0, Sp[0] = Ts/(2Tex), U/D1[0] = UP, and U/D2[0] = DOWN to yield
an interleave operation.
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Vrialn] | Comparator array
T/2T . .
R, [l’l] Shadow qu[n] ity
Dy [l’l] register | — 2" Ci4
i omp.
i
P02 g6 pig A Sali | L
clk—»p> Up/down r L s
o lup, counters Sc[]]=
S:]0]=0, U/D1]0]=UP; ‘ Cis
L if((U/D1=UP)and(S.1j|>T,/(2T.1))) {U/D1 = DOWN;} Logic gates
else if((U/D1=DOWN)and(S,[j]<0)) {U/D1 = UP;} Su1= CoCs Sez = CrCs
Sp1= Cl'C-t,Sm =Gy
Sqpl01=T /(2 Te), UMD2[0]=DOWN; Stz =Cs,8p3 = Cy
| if((U/D2=DOWN)and(S,,[j1<0)){U/D2 = UP;}
else if((U/D2=UP)and(S,, [/12T/(2T.))){U/D2 = DOWN;} t ¢
Svi3 Spi13

Figure 8. Block diagram of the gate pulse generator.

At each clock edge, Sc[j] increases by 1 for nTs < t < (n+(1/2))Ts during which U/D1 is UP, and Sc[j]
decreases by 1 for (n+(1/2))Ts < t < (n+1)Ts during which U/D1is DOWN. When S[j] <0, U/D: changes
to UP and the next sequence begins. Sq[j] decreases by 1 for nTs < t < (n+(1/2))Ts during which U/D2 is
DOWN, and Sg[j] increases by 1 for (n+(1/2))Ts < t < (n+1)Ts during which U/D:z is UP. U/D: changes
to DOWN when Sg[j] < 0, and the next sequence begins. Thus, S¢[j] is a time-delayed signal of 5[]
by Ts/2, the maximum values of Sc[j] and Se[j] are Ts/(2Tax), and the minimum values of S¢[j] and Se[j]
are 0. To generate PWM signals using the saw-tooth signals, a reference signal Ri[n] is generated
using Dsui and Ts/(2Tex) as

T
R,[n]= o |Dginln]. (33)

Ru[n] is stored in the shadow register of the PWM generation module in TMS320F28335 and
transferred to the comparator reference-input Ref[n] when Sc[j] = 0. Two comparators check the sign
of Vgia[n]: C3=1 and Cs =0 for Vgid[n] = 0, otherwise C3 =0 and Cs+=1 (Table 2). The other comparators
output two PWM signals: C1 =1 for Ref[n] > S¢[j] and Cz =1 for Ref[n] > S[j]. Finally, the logic gates

produce gate control pulses Sui = C1-Cs, Suz = C2:C3, Sus = C3, Sp1 = C1-Cs, Sp2 = C2-Cs4, and Sps = Ca.

Table 2. Input and output relationship of comparator array.

Output i+n i=n
C: Ref[n] S[j]
C: Ref[n] Ser[j]
Cs Viria[n] 0
Cs 0 Vigria[n]

3. Experimental Results and Discussions

The proposed inverter (Figure 9a, Table 3) was designed to operate at Vi» = 400 Vbpc, Vgria = 220
Vac/60 Hz and 150 W < P, < 2 kW, and it was fabricated and tested using the calculated circuit
parameters. An IDBI [9] (Figure 9b, Table 3) and an FBI [1] (Figure 9c, Table 3) were also fabricated
and tested for comparison; the circuit elements for these inverters were the same as those for the
proposed inverter. The control circuits for all experimental inverters were implemented using the
TMS320F28335 digital signal processor (DSP) from Texas Instruments.
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550mm
(c)

Figure 9. Photographs of the experimental inverters: (a) proposed inverter, (b) interleaved dual buck
inverter (IDBI), and (c) full bridge inverter (FBI).

Table 3. Components for the experimental inverters.

Components IDBI [9] FBI Proposed Inverter
FCH110N65F FCH110N65F FCH110N65F
HF Switches Price (3) 5.03 5.03 5.03
Number 4 (Sui, Sus, Spi, Sp2) 4 (51- S4) 4 (Suy, Sus, Sp1, Sp2)
IXFK80N60P3 - IXFK80N60P3
LF Switches Price ($) 5.03 - 5.03
Number 2 (Sus, Sps) - 2 (Sus, Sps)
30ETHO6 - 30ETHO6
Diodes Price (%) 1.59 - 1.59
Number 4 (Dw1, Dw, Dp1, ) 6 (Du1 — Dus, Dp1 —
Dn2) Dns)
EER6062 EC90 EER6062
Inductorcore 1, ;5 494 16.17 494
Number 4 2 2
EKMR451VS EKMR451VS EKMR451VS
Electrolytic N681MA5B0S N681MA50S N681MAB0S
capacitor Price ($) 2.68 2.68 2.68
Number 8 8 8
Total costs ($) 77.74 73.9 71.04

The proposed inverter uses two inductors, whereas the IDBI uses four inductors, and the
proposed inverter uses a small inductor core (EER6062), whereas the FBI uses a large inductor core.
The fabricated inverters had a circuit volume of 160mm x 250 mm x 43.9 mm for the proposed
inverter, 450 mm x 550 mm x 43.9 mm for the IDBI, and 380mm x 550 mm x 78.0 mm for the FBI; the
proposed inverter reduced 83.8% of the circuit volume compared with the IDBI, and 89.3% compared
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with the FBI. The circuit cost was $71.04 for the proposed inverter, $77.74 for the IDBI, and $73.9 for
the FBI; the proposed inverter saved 8.62% of the circuit cost compared with the IDBI, and 3.87%
compared with FBL

To verify operation of the proposed inverter, the waveforms of switch-control pulses (Figure
10a) were measured at Vin = 400 VDC, Vs = 220 Vac/60 Hz, Po = 2 kW, and fs = 20 kHz. These
waveforms show that the switches operated according to the switching states in Table I; when Viria >
0V, Su1 and Suz operated in PWM mode, Sus stayed ON and other switches stayed OFF; when Viria <
0V, Sp1 and Sp2 operated in PWM mode, Sps stayed ON and other switches stayed OFF. The inductor
currents iz1 and iz, and the leg voltages Ves_su1 and Ves_suz (Figure 10b) show that the inverter operated
in an interleaved mode; the phase differences between ir1 and i1, and between Ves_sut and Ves_suz were
Ts/2. These switching states produced the sinusoidal leg voltage Van (Figure 10c).

/i,‘l |2A/div]| |20ps/div]

|2ms/div

Virall200V/div]>
[Vgs_sm [IOV/le]

— Vs sosl10V/div] T el : T -
| Vas susl 10V/div] | L | L]
ImLVp'g so2 1OVAIV] ™ il /%\/\/
R Vs soi[10V/div] | pyuuuuyyi ..
| (ADMETETTTTIRANRLY Vs m[lOV/dlv] i & Vas sz [10V/div] ]
| AR Y cs sui[10V/div] &l’ﬁ NN
@ (b)

[2ms/div]

V,rial 200V /div]

Figure 10. Experimental waveforms of proposed inverter, measured at Vin =400 Vbc, Vgria =220 Vac/60
Hz, fs=20 kHz, and P, =2 kW: (a) gate input pulses, (b) Ves_su1, V6s_suz, iL1, and it2, and (c) io, Van, and
Vgnd.

n, vs. P, (Figure1l) was measured at Vin =400 Vboc, Viria =220 Vac/60 Hz, 150 W < P, <2 kW,

and fs = 20 kHz and 40 kHz, using a PW3336 (HIOKI E.E. Co.) power meter. At f; = 20 kHz, the
proposed inverter had 75, > 98% for P, >500 W, but 5, for p < 500 W decreased as P,

decreased because the inverter operated in DCM. The highest power conversion efficiency 7, of
the proposed inverter was 98.5% at Po = 1300 W when the power loss Ppsr of the gate control/drive
circuit was included. (7, ... =99.2% at Po=500 W when Ppsr was excluded.) The FBI does not use the
interleaved buck inversion; hence, the switching and conduction losses in the current path were
higher in the FBI than in the proposed inverter; as a result, the FBI had the lowest 5, among the
inverters tested. The IDBI has a circuit structure similar to the proposed inverter and operates in
interleaved mode, so 7, of the IDBI was very close to that of the proposed inverter. However, the
proposed inverter requires two inductors to operate the inverter in interleaved mode, while the IDBI
requires four inductors; hence, the proposed inverter can be implemented in a smaller size.
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Figure 11. 1. vs. Po for the experimental inverters operating at (a) fs = 20 kHz and (b) fs = 40 kHz:
measured at Vin = 400 Vbc, Vria = 220 Vac/60 Hz, and Qo = 0 VAR. The power loss Posr in the control
circuit was included in . measurement.

Losses (Figure 12) of the experimental inverters were analyzed at Vin =400 Vbc, Vgria =220 Vac/60
Hz, fs=20 kHz, P, =2 kW and 150 W, and reactive output power Q. = 0 volt-ampere-reactive (VAR).
The switching losses Psw were 13.2 W for proposed, 13.89 W for IDBL, and 29.71 W for FBI at P, = 2kW,
and Psw were 2.18 W for proposed, 2.48 W for IDBI, and 8.42 W for FBI at P, = 150 W. The inverters
operated at Vsw = Vi» and Nsw= 666 for proposed and IDBI, and Vsw= Vi» and Nsw= 1333 for FBI, where
Nisw is the total switching number for one cycle of Vgria. Thus, the proposed inverter and IDBI had the
lowest Psw. The inductor loss Pino was 9.25 W for proposed, 10.33 W for IDBI, and 66.32 W for FBI at
Po=2kW and 0.155 W for proposed, 0.162 W for IDBI, and 0.66 W for FBI at P, =150 W. The proposed
inverter uses interleaved inputs; hence, the inductor current ir is half of the i of FBIL. Moreover, the
proposed inverter uses small inductors with fewer turns than that of the FBL. Thus, FBI had the
highest Pwp. The diode loss Pp was 7.04 W for proposed, 6.45 W for IDBI, and 0 for FBI at P, =2 kW,
and Pp was 0.907 W for proposed, 0.885 W for IDBI, and 0 for FBI at P, = 150 W. The power loss Ppsr
of the gate control/drive circuit was 6.02 W for proposed, 6.19 W for IDBI, and 6.48 W for FBI at both
Po =150 W and P, = 2 kW. The total power loss Piss at Po =2 kW was 35.53 W for proposed, 36.87 W
for IDBI, and 102.51 W for FBI, and the power conversion efficiency 5, at Po=2kW was 98.2% for

proposed, 98.1% for IDBI, and 94.9 % for FBL. Piss at Po=150W was 9.279 W for proposed, 9.717 W for
IDBI, and 15.5 W for FBL and 7, at P.=150 W was 93.8% for proposed, 93.5% for IDBI, and 89.6 %

for FBI.

120 16
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g u IDBI[9] p— 12 w [DBI[9]
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2 .
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Figure 12. Power losses in the experimental inverters at (a) Po =2 kW and (b) Po = 150W: calculated
using PSPICE at Vin = 400 Vpc, Vgria =220 Vac / 60 Hz, fs =20 kHz, and Qo =0 VAR.
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The temperature T, of switchvs.time of operation (Figure 13) was measured while operating
the experimental inverters at Vin =400 Vbc, Viria =220 Vac/60 Hz, Po=2 kW, and ;=20 kHz. 71, was
stabilized at ~52 °C (Sui, Suz, Spi, Sp2) and ~55 °C (Sus, Sps) in the proposed inverter, ~54 °C (Sui, Swe,
Sp1, Sp2) and ~58 °C (Sus, Sps) in the IDBI, and at ~110 °C in FBL Psw at Po= 2 kW were 13.2 W for
proposed, 13.89W for IDBI, and 29.71 W for FBI; therefore, Tsw of the proposed inverter and IDBI was
half that of FBI.

THD of i, vs. P. (Figure 14) was also measured at Vin = 400 Vbc, Vria = 220 Vac/60 Hz, Po = 150
W ~2kW, and f: =20 kHz. THD at P, =2 kW was 0.66% for proposed and IDBI and 3.25% for FBI; FBI
had the highest THD because this inverter produced a ZCD during the dead-time period. THD at Po
=150 W was 16.6% for IDBI and the proposed inverter when the switching duties for the inverters
were controlled using the CCM control (given in (8)). At a low P,, the proposed inverter operated in
DCM for some time-interval of sinusoidal Vi, as discussed in Section 2.2. This operation produced
a distortion in Io when the inverters were operated under CCM control only.

120
100 + —4—5§  /Proposed inverter
—e— §_/Proposed inverter
— 80l —— 5, /FBI
@] —=—5_/DBI|9)
?—-,: —— 5, ADBI]9]
h"-ﬁl}
40

0 5 10 15 20 25 30

Time [min]
Figure 13. Switch temperature Tsw vs. time of operation, measured at Vi =400 Vbc, Veria = 220 Vac/60
Hz, f=20 kHz, Po=2kW, and Q.=0 VAR.

20
20 f; = 20kHz —=— Proposed inverter/CCM f; =40kHz —=—Proposed inverter/CCM
o Proposed inverter/ DCM+CCM Proposed inverter/ DCM+CCM
16 | 16.6% —-rf-'.‘:—l‘DBﬁ[Q]f(.‘C.\l 16 - —4— IDBI[9)/CCM
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¥ 12t ~é~mi Szt S
2 st =
= a1 E
= 4l 3.25%
o 029%™ -
L L A 0.66IOA] L L L i
0 500 1000 1500 2000 0 500 1000 1500 2000
P [W] P [W]
a @
(a) (b)

Figure 14. Total harmonic distortion (THD) of i, vs. P, for the experimental inverters operating at (a)
f:=20 kHz and (b) fs = 40 kHz: measured at Vi =400 Vbc and Vgrid = 220 Vac/60 Hz.

When the switching duties for IDBI and the inverters were controlled using the proposed
DCM+CCM control (a combination of the CCM control and the DCM control given in Equation (7)),
the THD at Po = 150 W was reduced to 4.1% because the combined DCM+CCM control reduced the
distortion in I, significantly.

When £ was increased to 40 kHz, THD of i, at Po = 2 kW was 0.63% for proposed and IDBI and
7.24% for FBI. The FBI nearly doubled the THD at f: = 40 kHz compared to the value at f: = 20 kHz,
because the change increased the effect of dead-time on the switching duty. The THD at P, = 150 W
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was 7.41% for the proposed inverter using CCM control, 3.98% for the proposed inverter using
DCM+CCM control, and 3.51% for FBI. The DCM operating time was reduced at higher fs (Equations
(9) and (10)); hence, THD of the proposed inverter decreased as f: increased; a DCM control near the
zero crossing point increased ir. In contrast, the THD for FBI increased as fs increased because the
impact of dead-time on the switching duty increased.

The waveforms of i and io_«g for the experimental inverters (Figure 15) were measured at Vin =
400 Voc, Vria =220 Vac/60 Hz, f:=20kHz, Po=150 W, Qo=0 VAR, and I,=0.95 A. The cutoff frequency
of the low-pass filter for io_wg measurement was 2 kHz (=£;/10). The inverters were controlled using

Proposed/DCM+CCM Proposed/DCM+CCM

i,1500mA/div] / \i,.wgisoom Addiv]

[2ms/div] | [2ms/div]

. Proposed/CCM Proposed/CCM

iy avg|S00mMA/div] /

AN

i,|500mA/div]

[2ms/ﬂiv] [2ms/div]
(o) (d)
FBI/CCM FBI/CCM

4 i,[S00mA/div] _ Iy avg[S00mA/div]

[2ms/div] [2ms/div]
(e) ®
Figure 15. Waveforms of i and io_wg measured at at Vin = 400 Vbc, Veria = 220 Vac / 60 Hz, fs =20 kHz,

Po=150 W, Qo=0 VAR, and I, = 0.95 A: (a) io (Proposed, DCM+CCM), (b) io s (Proposed, DCM+CCM),
() io (Proposed, CCM), (d) io_ws (Proposed, CCM), (e) io (FBI, CCM), (£) io_as (FBI, CCM).

CCM or DCM+CCM control. The waveforms of i, show that the proposed inverter had the lowest
switching ripple of i, and the waveforms of i,_wg show that the DCM+CCM control of the proposed
inverter achieved the best sinusoidal waveform. The harmonic components of i, (Figure 16) show that
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harmonics of i, of FBI were slightly higher than those of the proposed inverter because the proposed
inverter operated as an interleaved dual buck inverter.

(=]
wn

u Proposed inverter/DCM+CCM
u Proposed inverter/CCM
u FBI

= §
S b P W
[\®) [7)] w

e
-
N

Harmonics/Fundamental

40kHz 80kHz 120kHz 160kHz 200kHz

Figure 16. Harmonic components of io; measured at Vin = 400 Vbc, Vgria = 220 VAC/60 Hz, fs = 20 kHz,
=150 W, Q=0 VAR, and I, =0.95 A.

The dynamic responses of the proposed inverter (Figure 17) were measured for a step change of
P, from 2 kW to 1 kW and a step change of P, from 1 kW to 2 kW; the operating conditions for this
measurement were Vir = 400 Vbpc, Vgria = 220 Vac/60 Hz, fs = 20 kHz, and Qo = 0 VAR. For both Po
changes, the output current io did not overshoot, and the transient time of i» was <2 ms, which is ~1/8
of the sinusoidal period at 60 Hz. PF, THD, and i, of the proposed inverter were measured for P, =
666.6 W, 1.333 kW, and 2 kW at Viu =400 Vbc, Viria = 220 Vac/60 Hz, f: = 20 kHz, and line impedance Z
= 0.4 +j0.25 Q. The measured PF was 0.9973 at Po = 666.6 W (33% of the rated power), 0.9985 at P, =
1.333 kW (66% of the rated power), and 0.9992 at Po =2 kW (100% of the rated power). The measured
THD of i, was 4.20% at Po = 666.6 W, 3.68% at Po = 1.333 kW, and 3.43% at P, = 2 kW. These results
fulfill most grid-connected inverter standards for renewable energy [19-22].

(T T oy
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Figure 17. Step responses of the proposed inverter at Vin = 400 Vbc, Vgria =220 VAC/60 Hz, fs =20 kHz,

and Qo=0 VAR: (a) for a decrease of P, from 2 kW to 1 kW and (b) for an increase of Po from 1 kW to
2 kW.

Comparisons (Table 4) of the circuit parameters and experimental results demonstrate the
superiority of the proposed inverter. The proposed inverter has the following advantages: 1)
proposed inverter requires two inductors, whereas IDBI requires four inductors; hence, the proposed
inverter can be implemented with lower cost and smaller volume than IDBI; 2) it uses interleaved
operation, which reduces the current stress of the switch by 1/2 of that in FBI; 3) the number of
switching for one period of Vs in the proposed inverter is 1/2 of that in FBI; hence, the switching
loss is reduced; and 4) 5, at P, =2 kW is as high as 98.3%, compared to 95.0% for FBIL. These

advantages indicate that the proposed inverter is useful for high-power dc-ac power conversion.
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Table 4. Circuit parameters and experimental results for experimental inverters. Parenthesis contain
peak switch voltages and currents measured at Vin =404 V.

Proposed

Circuit Parameters IDBI [9] FBI
Inverter
# of switches 6 6 4
# of diodes 6 4 0
# of inductors 2 4 2

Unfolding Vi (404V) Vi (404 V) -

Veama Switching ~ Vi (413V) Vi (415V) Vi (423V)
L Unfolding  L,(131A) L (135A) -
" Switching  L/2(5.8A) L/2(6.0A)  L(135A)
Inductance 2.5 mH 2.5 mH 2.5 mH
THD at Po=2 kW 0.66% 0.66% 3.25%
Maximum efficiency 98.5% 98.4% 95.2%
Efficiency at Po=2 o o o
W 98.3% 98.2% 95.0%

4. Conclusion

This paper proposes an inverter that can achieve high power conversion efficiency 7. at high
output power Po. The inverter uses a dual-buck structure to eliminate zero-cross distortion, operates
in an interleaved mode to reduce the current stress of switch, and uses DCM + CCM combined control
to reduce the output current distortion at low output power. The size and weight of the circuit are
reduced by decreasing the number of inductors and by using blocking diodes; the proposed inverter
could reduce 83.8% of the circuit volume compared with IDBI and 89.3% compared with FBI, and it
could save 8.62% of the circuit cost compared with IDBI and 3.87% compared with FBI. When the
experimental inverter was operated at an input voltage of 400 Vbc, an output voltage of 220 Vac/60
Hz, and switching frequency of 20 kHz, 1. was > 94% at 150 W < P, < 2 kW, 98.5% at Po=1300 W, and
98.3% at Po = 2 kW. The total harmonic distortion was 0.66% at P, = 2kW. The proposed inverter is
well-suited for high power dc-ac power conversion.
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Nomenclature
Ci—Cy Output of comparators in the PWM generator.
D Switching duty of the proposed inverter.
D, Amplitude of Dy, parallelto V.
Dpy,Dp, Low-side freewheeling diodes of the proposed inverter and IDBI [9].
D, Amplitude of Dy orthogonalto V.
Dy Switching duty of S, in the proposed inverter.
Dy, Dy, High-side freewheeling diodes of the proposed inverter and IDBI [9].
Dys, Dps Blocking diodes of the proposed inverter.
ey,e, Control errors of I, ; and I, , inthe D-Q axis controller (A).

€9 Estimation error of 6 in the phased locked loop (rad).
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