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An Efficient Three-Phase Resonant DC-Link Inverter
With Low Energy Consumption

Qiang Wang

Abstract—A novel three-phase resonant dc-link inverter with low
energy consumption is presented to achieve efficient operation of
the inverter. When the auxiliary resonant circuit is used to make the
input voltage across bridge-arms become zero during every switch-
ing period, the main switching devices could achieve zero-voltage
switching turn-ON and zero-current switching turn-OrF. When the
metal oxide semiconductor field effect transistor (MOSFET) or
the insulated gate bipolar transistor (IGBT) is used as the main
switching device, the lossless switching could be completed, and the
capacitive turn-ON loss caused by the internal junction capacitance
of MOSFET and the turn-OFF loss caused by the tail current of
IGBT are eliminated. The working process of the circuit and the
realization condition of the soft-switching are analyzed. The experi-
mental results on the three-phase prototype of 2.5 kW show that the
switching devices achieve the soft-switching and the performance
of the inverter is improved. Therefore, the novel topology is of great
significance for improving the efficiency of the inverter.

Index Terms—DC-link, inverter, resonance, zero-current

switching (ZCS), zero-voltage switching (ZVS).

I. INTRODUCTION

N THE new development situation, the traditional hard-
I switching inverter has been unable to meet the needs of effi-
cient and energy-saving production. The overlap of voltage and
current of the hard-switching inverter in each switching period
leads to power consumption of the switching device. Meanwhile,
with the increasing of switching frequency, the switching power
loss and the heating generation of the devices have increased
gradually. There are higher changing rates of voltage and current
in the circuit, which will produce electromagnetic interference.
In modern power electronics technology, soft-switching invert-
ers are widely used. Soft-switching inverters can achieve high
frequency and soft-switching during switching, which reduces
switching losses and electromagnetic interference.

Soft-switching inverters contain two categories, which are
resonant pole inverters [1]-[4] and resonant dc-link inverters
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[5]-[21]. Wherein, resonant dc-link inverters have advantages,
such as simple auxiliary circuit structure, few auxiliary devices
and low hardware cost. Therefore, researchers have paid more
attention to the research on resonant dc-link inverters, and have
presented many resonant dc-link inverter topologies, which still
need to be improved. The auxiliary circuits presented by [5]-[8]
include two large-capacity energy storage capacitors between dc
buses to divide the dc supply voltage, and high-frequency work
of the circuit will cause changes in the neutral point potential
of inverters. The auxiliary circuits presented by [9] and [10]
include the clamp circuit and the steady voltage on the dc-link is
higher than the dc power supply voltage, which can increase the
voltage across the main switching devices, causing the decline
in the reliability of the main switching devices and higher
cost. The auxiliary circuits in [11]-[13] contain transformers
and residual magnetic accumulation will lead to transformer
saturation. The change of the neutral point potential and the
saturation of the transformer will have adverse impact on the
reliability of inverters. To solve the problem, it is essential to
use more complicated balance control strategies of the neutral
point potential and setup the demagnetization reset circuits of
the transformer. The auxiliary circuits in [14]-[16] consist of
three auxiliary switches, which is bad for reducing the circuit
cost and simplifying the control method of the auxiliary resonant
unit and will hinder miniaturization and weight reduction of the
resonant dc-link inverter. The topology presented by [17] and
[18] switches the bridge arm to the shoot-through state to charge
the resonant inductor in each switching period, to assure that the
resonant inductor has enough electric energy to make the dc-link
voltage rise to the dc supply voltage, but the time when the
bridge arm is in the shoot-through state needs to be accurately
controlled, otherwise it will lead to the damage of dc power
supply. During the work of the auxiliary units in [19] and [20],
the auxiliary switches on the parallel branch must be turned ON
for the charge of the resonant inductor. When the current flowing
through the resonant inductor rises to the threshold value, the
auxiliary switches should be turned OFF to trigger the resonant
process. Thus, it is essential to supervise whether the current
flowing through the resonant inductors reaches the threshold
value in real time, and the threshold value changes with the load
current, resulting in the complex control method of the auxiliary
units. The coupled inductor in [20] and [21] is connected in series
on dc buses, and the conduction loss of the coupled inductor is
large, which is bad for the efficiency optimization. In addition,
the switching devices in most resonant dc-link inverters could
achieve zero-voltage turn-ON and zero-voltage turn-OFF. With
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the application of three-phase inverters in the high-power situa-
tion, IGBT is often used as the switch. When IGBT switches to
OFF-state, tail current will lead to turn-OFF loss. Hence, it is more
meaningful to realize the zero-current turn-OFF for the inverter
which takes IGBT as the switching device. However, the main
switches of most resonant dc-link inverters are all connected
with resonant capacitors, and the main switches and auxiliary
switches on the dc bus naturally complete the zero-voltage turn-
OFF when they switch to OFF-state, but they cannot achieve the
zero-current turn-OFF. Besides, the above literature concerning
resonant dc-link inverters does not theoretically analyze how to
reduce the loss of the auxiliary circuit.

To improve performance, this article presents a new soft-
switching inverter with low energy consumption, which im-
proves the defects of the abovementioned inverters and has the
following features: first, two switching devices are arranged in
the auxiliary unit, without large-volume energy storage capaci-
tors and transformers; second, compared with the more similar
topology including coupled inductors presented in [20] and [21],
coupled inductors in this article are in the parallel branch of
dc buses and the conduction loss of the coupled inductors is
much lower, which is in favor of the efficiency optimization; and
third, in the control procedure of the auxiliary resonant circuit,
resonance is triggered directly after the auxiliary switch ON the
parallel branch is turned ON. For the control of the auxiliary
switch, there is no need to monitor the change of the resonant
current in real time, and the turn-ON time of the auxiliary
switching device could be constant in each switching period,
which facilitates the control method of the auxiliary resonant
unit; fourth, the main switches of the inverter have no parallel
resonant capacitors. The bus switch in series with the dc bus and
the main switches can both achieve zero-voltage turn-ON and
zero-current turn-OFF, which truly realizes zero loss. MOSFET
and IGBT can be used as the switching devices of the presented
inverter, which widens the selection range of switching devices.
In this article, the working process of the inverter, including
the realization conditions of the soft-switching, is analyzed
at length. How to reduce the loss of the auxiliary resonant
circuit is theoretically explored. Eventually, the performance
of the presented three-phase inverter is verified via a 2.5-kW
experimental prototype.

II. ANALYSIS ON TOPOLOGY AND OPERATING PROCESS OF
THE CIRCUIT

A. Topology of the Circuit

As shown in Fig. 1, the auxiliary resonant unit contains the
auxiliary switches (.S,1 and S,.2), the auxiliary diodes (D,.; and
D, ), the coupled resonant inductors (Ls; and Lgs) and the
resonant capacitors (C'1 and C'.2). Wherein, the number of turns
of the coupled inductors L4 and Lo is N1 and No, respectively,
and the turns ratio is n = N»/Ny, so the inductor value meets
Ls> = n%Ls . When the partial flux generated in Ly (Lgo) is
not coupled to Lgo (L), leakage inductance will be produced
and it may lead to voltage spike during turn-OFF transient of .S,
and S,o. Therefore, Ls; and Lo should be coupled as tightly
as possible. When the auxiliary unit is in the resonant state, the

Fig. 1. Main circuit of a novel three-phase resonant dc-link inverter with low
energy consumption.
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Fig.2. Equivalent circuit of a novel three-phase resonant dc-link inverter with
low energy consumption.

main switching devices could complete zero-voltage turn-ON
and zero-current turn-OFF.

For simple discussion, the hypotheses are as follows:

1) each device is an ideal device;

2) the load inductor value is large enough, and I, the output
current of the inverter, is invariant in each switching cycle,
while the output load of the inverter is equivalent to the
constant current source;

3) the switching device Siy and the freewheeling diode Dy
form the equivalent circuit of the three-phase inverter;

4) leakage inductance of the coupled inductors L¢; and Lo
can be approximated as zero because L, and Lo are
tightly coupled.

The positive direction of the equivalent circuit and physical
quantity of the inverter is shown in Fig. 2. Fig. 3 presents the
theoretical waveforms of the circuit. Fig. 4 shows the equivalent
circuits in every working process. The phase plane trajectory of
the circuit in the switching period of one main switch is presented
in Fig. 5. The special symbols in Fig. 3 are as follows: U; =
ucr2(to), Us = ucra(ti), Us = ucra(te), lo = ins2(t1), I =
iLsg (tg), and Tl]1 = ile (t3).

B. Operating Process

Process I (t~ty): The circuit works in a steady state and the
auxiliary resonant circuit is not in the resonant condition.

Process 2 (tg~t1): S,o switches to the conduction state at g,
and Lo slows down the variation of the current flowing through
S,o in order that S,.5 achieves zero-current turn-ON. After S,.o
switches to the conduction state, Lso and C).5 begin to work in
the resonant state. Process 2 stops when 41,2 increases to Iy,
ucyro decreases to Us and ig,-1 changes to zero at #;. The motion
curve trajectory of this process is shown in Fig. 5(d).
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Fig. 3. Theoretical waveforms in resonant commutation.

ucr2(t) and ir2(t) can be shown by the following equations:

ucra (t) = Upcos [wy (t — to)] ()
iLSQ (t) = % sin [wl (t — to)] (2)

where wy = 1/v/Ls2Cro, and Z1 = /Lg2/Cra.
The curvilinear motion equation of this process is presented
as follows:

where Z7 = L3 /Cha.
ins2(t1) = Io is substituted into (3), and in this process, Us
can be obtained as follows:

UQZUCTQ(tl):\/U%—Z%IOQ. (4)
The duration of this process can be shown as
1 Z4 1
ngtl—to:arcsin( 10). 5)
w1 Uy

Process 3 (t1~t3): At t1, S,1 switches to OFF-state. Because
the current flowing through S, has already changed to zero
before S,.; switches to OFE-state, .S,.1 achieves zero-current turn-
OFF. After S,.1 is turned OFF, L4 and C,. are still in the resonant
state. Co discharges, whereas Lgo is charged. uc,o goes on
decreasing from Us, and 71,45 goes on increasing from Iy, while
the current begins to flow through D,.;. Process 3 stops when
ucyro reduces to zero at fo. At the same time, 77 4o increases to
I, at t5. The motion curve trajectory of this process is shown in
Fig. 5(d).

ucyr2(t) and ig,s2(t) can be shown by the following equations:

UCr2 (t) = UQCOS [wl (t — ﬁl)} — leosil'l [wl (t — tl)] (6)
ins2 (t) = %sin (w1 (t —t1)] + Locos[wr (t—t1)].  (T)
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Fig.4. Equivalent circuits in every working process. (a) Process 1. (b) Process
2. (c) Process 3. (d) Process 4. (e) Process 5. (f) Process 6. (g) Process 7.
(h) Process 8. (i) Process 9. (j) Process 10.

The curvilinear motion equation of this process is presented
as follows:
gy (t) + 23 [ie (t) — I5] = U ®)
ucr2(te) = 0is substituted into (8), and in this process, /1 can
be obtained as follows:

U3
Z2 472 =
Z

. U
I =ips2 (t2) = 71 9
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Fig.5. Motion trajectory of the phase plane of the inverter. (a) uc1 and ¢ r,51.
() ucr1 and ip,52. (€) ucr2 and ips1. (d) uore and i, 2.

The duration of this process can be shown as

1 U
T3:t2—t1:ar0tan( 2 > (10)

wy Z11y
Process 4 (to~t3): Attsy, uc.o decreases to 0, while the current
starts to flow through D,.o. Meanwhile, the resonant flow ends.
At the end of the resonant process, the current starts to flow
through L4 and L5 at the same time, and ¢ 1, 51 rapidly increases
from O to y/n?/(n? + 1)1, while iy, rapidly decreases from

I to \/n?/(n? + 1)I,. Then, irs; and iy remain constant.
irs1(t) and i1¢2(t) can be shown by the following equation:

n2
n?+1

Process 5 (t3~t4): When S, switches to OFF-state at 3,
C,1 and C,2 slow down the variation of the voltage across
Sro in order that S5 achieves zero-voltage turn-OFF. After S,.o
switches to OFF-state, 71,51 quickly increases to nly, while 71,5
rapidly decreases from v/n2/(n? + 1)I; to 0. At the same time,
the load current starts to flow through C'.1, while Ls; and C.o
enter the resonant state. L4 discharges, whereas C,.;and C,., are
charged. uc,1 begins to linearly and positively increase from 0,
and v, begins to nonlinearly and positively increase from 0,
while 7751 goes on decreasing from n/;. Process 5 stops when
ucr1 linearly increases to Uy, and uc,.o increases to Uy, while
i1s1 1 equal to zero at ¢4. The motion curve trajectory of this
process is shown in Fig. 5(a) and (c).

ucr (t), ucra(t), and i 41 (t) can be shown by the following
equations:

Z‘le (t) - Z‘L52 (t) = I1‘ (11)

ucy2 (t) = nZyly sin [ws (t — t3)] (12)

ile (t) = TL11COS [wg (t — t3)] (13)
I

uon (8) = = (= ts) (14)

where Wy = 1/\/L510T . and Z2 = \/le/crg.

The curvilinear motion equation of this process is presented
as follows:

2 22 27272

UGpo (8) + Z3igq () =" Z3 13

where Z2 = L1 /Cha.
irs1(ts) = 0 is substituted into (15), and in this process, Uy
can be derived as follows:

5)

U1 :nngl. (16)
The duration of this process can be shown as
Ty =ty —tg = ——. (17)
2OJ2

Process 6 (t4~15): upy, is kept to be zero, while I continues
to flow through the equivalent diode Diy. In this process, the
main switch of the inverter could achieve zero-voltage turn-ON
and zero-current turn-OFF.

Process 7 (t5~tg): When S,.o switches to the conduction state
atts, Lgo slows down the variation of the current flowing through
S,o in order that S,.5 achieves zero-current turn-ON. After S,.o
switches to the conduction state, Lso and C).5 begin to work in
the resonant state. Process 7 stops when uc,-2 changes to Us,
and iy 40 is equal to [y at fg. The motion curve trajectory of this
process is shown in Fig. 5(b) and (d).

ucyr2(t) and i 52 (t) can be shown by the following equations:

ucy2 (t) = (Ug+ Uy) cos wy (t—t5)] — Uy (18)
iLSQ (t) = (Uvdzi—tljl)sin [wl (t — t5)] . (19)

The curvilinear motion equation of this process is presented
as follows:

[ucrz (t) + Ual® + 2305 (t) = (Ur + Ua)®

irs2(ts) = Io is substituted into (20), and in this process, Us
can be derived as follows:

(20)

Us = ucra (ts) = \/(U1 +Uy)? - 2212 — Uy. 1)
The duration of this process can be shown as
1 . 1y 7y >
T7; =tg — t5 = —arcsin [ —— | . 22
7 =16 — 15 o1 <Ud g2 (22)

Process 8 (tg~t7): At tg, Lgo, Cr1, and C,o begin to work
in the resonant state. uc,-1 begins to reduce from Uy, and uc-2
goes on decreasing from Us, while ¢, 45 goes on increasing from
1. Process 8 ends when u¢,-1 and uc,-2 decrease to 0, while 77,40
positively changes to I; at t7. The motion curve trajectory of this
process is shown in Fig. 5(b) and (d).

ucr (t), ucra(t), and i 42 (t) can be shown by the following
equations:

B By Ipsin [w;), (t — tﬁ)]
Ucri (t) - Crlwf’, COS [WS (t t6)] (Cr2 + Crl)w?)
Iy
—t+ A 23
+ Cot O + Ap (23)
B1 Crllosin [wg (t - t6)]
r t) = 3 t—1t -
ucra (t) Crows cos [ws ( o)] Cra(Cra + Cr1)ws
Iy

t+ Bs (24)

a C’r‘2 + Crl
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I
inss (1) = %cos [ws (t — t6)] + Bisin [ws (t — te)]
Craly
—_— 25
Cr2 + Crl ( )
where
Cr2 (CrlUdQ + CTQU?? + LSZIg)
Al = Ud - ’
(Crl + CTZ) Crl
ClU2+CQUf2 Cr1+Cho
B: M—i—ﬂ—[,wz ;7
1 \/ Ly 0 =\ T eCriCra

B — U Cr1 (Cr1U2 + CroU3 + LyoI3)
S 07'2 (07'1 + 07'2) ’

The duration of this process can be shown as

Ts =1t te = ! arcsin CraUs — By + arctan By
BT VIZ+ B2 Iy )
(26)
Process 9 (t7~tg): At t7, the voltage across S;.1 has been zero.
Therefore, S,1 achieves zero-voltage turn-ON when it switches
to the conduction state at 77, while u¢,o decreases to 0, and
the current starts to flow through D,». Meanwhile, the resonant
process ends. At the end of the resonant process, the current
starts to flow through Lg; and Lo at the same time, and 47,41
rapidly increases from 0 to y/n?/(n? + 1)1, while i 4o rapidly
decreases from I; to \/n?/(n? + 1)I;. Then, i and ifgo
remain constant.
irs1(t) and ifs2(t) can be shown by the following equation:

n2
nZ+1
Process 10 (tg~tg): When S,5 switches to OFF-state at fg,

C2 slows down the variation of the voltage across S, in order
that S, achieves zero-voltage turn-OFF. After S, switches to
OFF-state, i1 rapidly increases from /n?/(n? + 1)1I; to nly,
while i¢o rapidly decreases from \/n2/(n? + 1)I; to 0. Ly
and C)9 begin to work in the resonant state. Process 10 stops
when 774 decreases to zero and wuc,.o increases to U;. The
motion curve trajectory of this process is shown in Fig. 5(c).
ucr2(t) and iz 2 (t) can be shown by the following equations:

i1 (t) =iLs2 (t) - 1. 27)

UCr2 (t) = nnglsin [(JJQ (t — tg)] (28)
irs1 (t) = nlycos|wa(t —tg)]. (29)
The duration of this process can be shown as
77
Ty = o (30)
w2

At this point, the analysis on the operating process of the
circuit in one switching period is completed.

In addition, as shown in Fig. 2, it should be noted that the
black dot on the left side of the coupling inductors represents
dotted terminal which shows the same polarity of voltage across
coupling inductors. In Fig. 4(b), (c), (g), and (h), when Ci.o
discharges, L¢; and Lo are not charged at the same time. The
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reason is that the positive polarity terminal of the voltage across
C,2 is on the right side of C..5 and is not connected to two dotted
terminals of the coupling inductors at the same time. If L¢; and
Lo are charged at the same time, the positive polarity terminal
of the voltage across Ls; will be on the left side of Ls;, which
contradicts the positive polarity terminal of the voltage across
C.2. In Fig. 4(e) and (j), when C,.o is charged, L and Lo
do not discharge at the same time. The reason is that S, is in
OFF-state so that no current flows through L.

C. Design Rules

1) For zero-current turn-ON of S,., the design principle con-
tains the following inequalities:

disr2 ()] _ U _ (di 31)
at |, e o \dt),

dign(t)| _Us+Uy _ (di )
@ | Le —\dt),

where (di/dt), is the permissible rising-rate of the current
flowing through S,2.
2) For zero-voltage turn-OFF of S, the design principle
contains the following inequalities:

duSrQ (t) o an(7’111 + CT'QIO
dt B CTICTZ

+ IOmax < dj
Orl - dt r

-2k (%) o
To=Iomax dt r

07'2
where (du/dt), is the permissible rising-rate of the voltage
across Syo and Iymax 1S the maximum load current.

3) For zero-current turn-OFF of 5,1, it is necessary to ensure
that the interval T;; between the turn-ON of S,5 and the
turn-OFF of .S,.1 is not less than the maximum value of 7.
Tq1 can be constant, as shown in the following formula:

t=t3 To=Iomax

(33)

- ( 2nU1
Vv L320r2
dUST2 (t)
dt

t=tg

o
o 2(4]1 ’

In addition, for zero-current turn-OFF of .S, 1, there is a need
to ensure that the maximum current flowing through Lgo in

Process 2 is no less than /yy,.x. According to formula (2), the
following inequality can be derived:

Ul Z ZIIOmax-

T (35)

(36)

4) To guarantee that S,; can realize zero-voltage turn-ON,
it is requisite to ensure that the interval T;5 between the
turn-ON of S,o and turn-ON of S,.; is not less than the
maximum value of (77 +7g). T2 can be constant as shown
in the following formula:

vis ™
Tip = —— + —.

37
20.)2 w3 ( )

In addition, for zero-voltage turn-ON of S,.1, it is also neces-
sary to ensure that the maximum current flowing through L9 in
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Process 7 is no less than /y,ax. According to formula (19), the
following inequality can be derived:

Ud + Ul 2 le()ma)v (38)

5) To simplify the control method of the auxiliary unit, the
duty cycle of S,5 can be constant, which is shown in the
following formula:

2w 2w
Tw1 ’ TLLJQ ng

psr2 = Max (39)
where T refers to the switching period.

6) To limit the loss of the auxiliary resonant unit, the max-
imum resonant current ought to satisfy the following in-
equality:

Uy

Z < 2IOmax-

(40)

7) To guarantee that u,,, rises and drops within Ty, the design
principle contains the following inequalities:

Cr1Uqg/Iopmin < Tv

7 /ws < Ty

(41)
(42)

where Iy, denotes the minimum value of the load current
during the operation of auxiliary circuits.
8) The turns ratio n should satisfy the following inequalities
to achieve soft-switching.
According to the inequalities (31)—(34), (36), and (38), the
limitation for the turns ratio n can be, respectively, derived

Uy
> -1
"IN T i), “43)
Ug+ U
> 4L
"IN T i), “4)
n < [(du/dt) r (IOmax/Crl)] C’r2 (45)
21
(du/dt) TCTQ
< BB/ rr2
=" (46)
Ur
n< ——— ()
IOmax\/m
Us+U 48)

n< ——————.
IOmax \/ LSI/CT’Q

D. Maximum Voltage and Current of the Devices in the Circuit

In Process 5, the voltage uc,; of C,; reaches the maxi-
mum value Uy; the voltage ug,1 of Sy reaches the maximum
value Uy; the voltage ug,o of S;.o reaches the maximum value
(Ug + 2U7); and D, bears the maximum voltage Uy. In Process
7, D, withstands the maximum voltage (U, + 2U7). At the end
of Process 10, when 7,51 decreases to zero, the voltage uc,.o of
C'9 reaches the maximum value Uj.

The maximum value of the current flowing through D,; can
be presented as follows:

I - n2 U1
Drlmax — m Z .

The maximum values of the current flowing through C,.5, L1,
Lgs, D,5, and S,o can be presented as follows:

(49)

Uy
Z1
(50)
The positive and negative maximum values of the current
flowing through S can be respectively presented as follows:

ICT?max = Ilemax = ILs2max = IDr2maX = ISr2max =

ISrlmax(+) = Iomax (51)

Uy

ISrlmax(f) = IOInax - Z (52)

III. EXPLANATIONS ON THE REQUIRED SOFT-SWITCHING
CONDITIONS

1) S, achieves zero-current turn-ON on condition that the
rising-rate of the current flowing through S,.» during turn-
ON transient is no more than the set value. The turn-ON loss
of S;.5 is reduced by limiting the rising-rate of the current
at the instant of turn-ON. L 45 can slows down the variation
of the current flowing through S;.5. As shown in Fig. 4(b)
and (g), the rising-rate of the current flowing through L is
equal to the rising-rate of the current flowing through S,
during turn-ON transient. Based on the above explanation,
the inequalities (31) and (32) can be derived.

2) S.2 achieves zero-voltage turn-OFF on condition that the
rising-rate of the voltage across S,2 during turn-OFF tran-
sient is no more than the set value. The turn-OFF loss of
Sro is reduced by limiting the rising-rate of the voltage at
the instant of turn-OFF. C,.; and C,5 can slow down the
variation of the voltage across S,2. As shown in Fig. 4(e)
and (j), the rising-rate of the voltage across C,; and Co
is equal to the rising-rate of the voltage across S,o during
turn-OFF transient. Based on the above explanation, the
inequalities (33) and (34) can be derived.

3) S,1 achieves zero-voltage turn-ON on condition that the
voltage across S, has been equal to zero before S, is
turned ON. As shown in Fig. 4(g) and (h), after S, is
turned ON, Lo, C,1, and C,5 are in the resonant state.
The voltage across 5,1 will reduce to zero when Process
8 ends. When S,.; is turned ON in Process 9, S,; will
achieve zero-voltage turn-ON. For zero-voltage turn-ON of
S;1 in full load range, it is required that the interval time
between the turn-ON of S5 and turn-ON of S,.; is not less
than the maximum duration of Process 7 and 8. Based on
the above explanation, the formula (37) can be derived. In
addition, it can be seen from Fig. 4(g) that the maximum
current flowing through L9 in Process 7 should be no less
than lyyax to make the operation of the auxiliary circuit
enter Process 8 for zero-voltage turn-ON of \S;.1 in full load
range. Therefore, the formula (38) can be derived.
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4) S,1 achieves zero-current turn-OFF on condition that the
current flowing through S;.1 has been equal to zero before
S,1 is turned OFF. As shown in Fig. 4(b), after .S, is turned
ON, L, and C,o are in the resonant state. The current
flowing through S,1 will reduce to zero when Process 2
ends. When S,.1 is turned OFF in Process 3, S,.; will achieve
zero-current turn-OFF. For zero-current turn-OFF of S,.; in
full load range, it is required that the interval time between
the turn-ON of S5 and turn-OFF of S,.; should be no less
than the maximum duration of Process 2. Based on the
above explanation, the formula in (35) can be derived. In
addition, it can be seen from Fig. 4(b) that the maximum
current flowing through L in Process 2 should be no less
than /pmax to make the operation of the auxiliary circuit
enter Process 3 for zero-voltage turn-OFF of S, in full
load range. Therefore, the formula in (36) can be derived.

5) Main switching devices achieve zero-voltage turn-ON and
zero-current turn-OFF on the condition that the voltage
across bridge-arm has reduced to zero in a short time be-
fore main switching devices act. For zero-voltage turn-ON
and zero-current turn-OFF of main switching devices in
full load range, it is required that the maximum time when
the voltage across bridge-arm drops from dc power supply
to zero should be no more than the set time. Based on the
above explanation, the formula (41) can be derived.

IV. ANALYSIS ON THE LOSS OF THE AUXILIARY CIRCUITS

Because S, and S,5 achieve soft-switching, the switching
loss of S,.1 and S,.» is eliminated. S,.1, S,2, D,1, and D,.o have
conduction loss. L1, Lo, C,q1, and C, have loss in the internal
resistance. Vg indicates ON-state voltage across switches; Ve o
indicates ON-state voltage across diodes; f. indicates switching
frequency. The inherent resistance of Lgi. Lgs- Cyq, and Cg is
setas Rrs1- Rpso~ Reyr1, and Reyo, respectively.

The loss of S,.1 and 5,5 is as follows:

t1 tg
Psrl =Veg |:/ (IO — iLSQ(t)) dt +/ Iodt:| fc =VeE

to ts

Ior Iy Zi 1o Uy Zi1y\?
07, 0 1 ;
20 + o rcsm( 7, + Zron 7, f
(53)
Ps,, =
v ft ZLSQ dt+f ZLSQ dt+f ZLSQ )dt f
C c
+ft insa(t dt—’_ftﬁ ZLSQ dt-i—ft7 112 )dt
Uszlo/(Z11o) C,1Ipsin(wsTs) _"_&
w1V 1+(Us/ Z110)? Cri+Crs w3
Us _ 1 CrolgTy
=Vce +Z1w1 \/1+(U2/(Z110))2) + Cr1+Chr2 fc-

2
Ui+U; IoZo B,
Ziwr (1 (Ud+U1 ) ws 08(w3Ts)

(54)
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The loss of D,1 and D, is as follows:
PD'rl =

dt
Vec

[

S (ipa(t) — Io) di + [} ( T — IO)
Uz /(Z11o)

+ f ( n;Ljrl IO) dt
L [ _Usf(Zid) Uy
@ < 1+(U2/<zlzo>>2 aretan (ZIIO))

+ lel

= VEec

fe
_ 1
\/1+(U2/(Z110))2)

dt+ft inst( )dt

f;g Zle f
dt+ft Zle )df, ¢

+f irs1(t
77/11:|

Pp., =Vic

2

=Vec { Je- (56)
w

2

The loss of Lg; and Lo is as follows:

t
SZL‘;l dt+f Zle )dt

Prsi = fe f 5
o f +ft7 ’Lle dt+ftJ Z%sl )dt

[n2I2(2m + 1)
4&)2

ftl Z'LsQ dt+f ZLs2 dt+f ZLsQ t)dt_
+ ftb l%stt+ft7 2%82 dt+ft8 1%52 t)dt_

UZSin<2arcsin( Z[l]f() ))
- 477
U /(Zlfo)
4Z2 1+(U2/(Z110))
C’r210 (2T8+bm(w3T8))
4(07 1+Cr2)

Rle

n?IZ(2m + 1)
4(,03

} Rpgi. (57)

Rre

2 in( 2110
Ufarcsin ( of)

U3 arctan(Ug/(Z1Io))
2Z2w1
(IoU2/Z1)
w1+ (Us/(Z110))?

= fe|+ Rrso.

(58)

The loss of C}.; and C,.» is as follows:

ta tr
Peyy = fo { / I3dt + / (irs2 (t)—10)2dt} Re

ts te

C2,12 (2Tg+5m(ngg)) + C2 1212

4(CT1+C7‘2) (Cr1+Cr2)”
B Ts Blbln(UJ3Tg)
2w3 2wz

= Je Rcr1 (59)

IOTI'
2wz

+52 +

PC’I‘2:

0, d“‘f tZLSQ dt+f tZle t)dt Rens
+IGZ%92 dt+f722L92 dt+f91%€1 )dt "

U2 arctan( Z[f%o ) U? sin(2arcsin( Z&i“ ))
272w, o 473
. (211
Ulzarcsm( [}10 ) - U3 /(Z11o)
223w 472\/14(Us/ Z110)?
C2,12(Ts+sin(wsTy)) + 21in?(2n+1)
4(Cr1+Cro)? dws

t ZLsz

Je

= e

Rgiro.

(60)

Iy in the above calculation expression is taken in accordance
with the effective value of the load current.
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P44, the overall loss of the auxiliary circuit, is as follows:

P,aa = Psy1 + Psy2 + Ppri

+PD’I”2+PL81+PLS2+PCT’1+PCT2' (61)

The expression of the overall loss of the auxiliary circuit is
used to obtain the partial derivatives of Ly, Ls2, C1, and Ci.a,
respectively. By judging the relationship between the partial
derivative and zero, the influence of the resonant parameter
changes on the auxiliary circuit loss is analyzed.

The expression of partial derivative with respect to L is as
follows:

6Padd o CT2IOarCSinZ[}1IO nI1 (Crl +CT2)
dLa P 2vILCn 8Ls2Cr1Cro
n2I2(2m + 1) 137, nlCro
- 5| fetVEC | —F=] [
8VLSQCr2 C,,.Q(Ud‘i‘Ul) 2\/LSQCr2
n2
[1(27T+1)C :| |: n[lCrz :|
T f Rigi+ fo |22 | R
e ST et e [avaos | e
Io CrowiUs/ Zlfo
z +
Z1 1 Us
202, —(Tf) 21+ (&)

I [Blsin (w3Ty) N n?Ig(2m +1) 62)

Rgye > 0.
s 3 } cr2 >

The expression of partial derivative with respect to Lo is as
follows:

OP,44 Ig 2[322
DLy ' CF 2 Cpo(Ug+Ur)° I
s 2032[]1 1_ (ngifo) r2(Ud 1
+ VEC 2U2L52 Tl[l (Orl + 07«2) fC
UsCro 2 QLSQCTICTQ
CTQ L+ ( Lgsalo )
(n2I2 (2m + 1 I, (C1 + C,
+fcn1(7f ), i (Cr 2) Rt
8L52Cr2 8L82CT10T2
[ 12 _ CyoUs — By B
+ f. | =5 | arcsin——— + arctan— R
AL ( N W )]
[ U, ZfIg nQIf(27r +1)Ceo
+ fc 272 2 RCT‘l
| Ziw1 Z715 + U 8vLg2Chro
[ Us Uy Z1 1
| 12 | 2arct . . (63
+ f _ 0 ( arc anZlIO+Z12]§+U22):|RCQ>O (63)

It is indicated from (62)—(65) that with the increase of L,
Lo, Cq, and Clo, the loss of the auxiliary circuit will increase,
and thus there is a need to try to take the minimum value of L,
Lo, Cyq, and C,2 on the premise of satisfying design rules.
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V. PARAMETRIC DESIGN

The voltage across the dc power supply U; = 250 V, the
maximum load current Ip,,x = 15 A, the minimum load current
during the operation of the auxiliary circuit lopmin = 2 A, the
allowable changing rate of the voltage across switching devices
(du/dt),, = 600 V/us, the allowable changing rate of the cur-
rent flowing through switching devices (di/dt), = 55A/us, the
maximum rising and dropping time for dc bus voltage at each
switching period Ty = 4.9 us, the switching frequency f. =
20 kHz, and the switching period 7' = 50 yus.

The expression of partial derivative with respect to C..; is as
follows:

O0P.aq
0C,1

I()Sin (UJng) - Crl.[oSiI’l (CU3T8)
(Crl + 07’2)2

VCE{

wsls — 5
_|_
2
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2210.)1(4]%
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fet fe
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+VEC[n1( 2Cra (Cr1 + Ch2) 201 2)]
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" {nQI%(%T + 1) (Ls2Cra (Cry + Cra) —
8(Cr1 + Cr2)2w

(Ug + Uy) sin (w3Ty } [IOTS
)
2

Ls2crlcr2):| RL L
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A Cr1+ Crg
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(64)

The expression of partial derivative with respect to C,.5 is as
follows:

0P, 44
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The specific design process is as follows.
1) Inorder to simplify the parameter design process and meet
the requirement that the maximum voltage of S, is not
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greater than 2U, the following formula must be satisfied.

Uq

U, = 5 = 125 V. (66)

2) In order to achieve zero-current turn-ON of S,.5 in the full
load range, the following inequalities can be obtained from

(31) and (32)
Lo> 0 —997,um (67)

(),
Lo> iU oo (68)

(),
In summary, the value range of Lgo is Lo > 6.82 uH. Ac-
cording to the changing relationship between Lo and auxiliary
circuit loss obtained from analysis on the loss of the auxiliary
circuit in Section IV, Lo = 6.82 pH should be taken theoret-
ically, but Lss = 7 uH is taken actually, when manufacturing
tolerances of Ly, and the influence of temperature change on
Lo are taken into account.

3) Inorder to achieve zero-current turn-OFF of S, in the full
load range, according to (36), the following inequality can

be obtained as follows:

ZIIUmaX _ \V LSQ/CTQIOIH&X <1
U, Uy -

Uy, =125V, Ly, =7 pH, and Iyax = 15 A are substituted
into formula (69), and the following inequality can be obtained
as follows:

(69)

C,o > 0.1 uF. (70)

According to the changing relationship between C,o and
auxiliary circuit loss obtained from analysis on the loss of the
auxiliary circuit in Section IV, C.o = 0.1 uF should be taken
theoretically, but C,o = 0.22 yF is taken actually, when man-
ufacturing tolerances of C,5 and the influence of temperature
change on C,5 are considered.

4) In order to achieve zero-voltage turn-OFF of S,.5 in the full
load range, Uy = 125V, Lyo =7 uH, C,o = 0.22 uF, and
(du/dt), = 600 V/us are substituted into formula (46),
and the following inequality can be obtained as follows:

n < 2.95. (71)

To simplify calculation, n = 1 is taken, namely L) = Lgo =
7 uH.

n=1,U =125V, Lys =7 pH, C,o = 0.22 pF, and
(du/dt), = 600 V/us are substituted into formula (33), and the
following inequality can be obtained as follows:

Cy1 > 0.0377 uF. (72)

According to the changing relationship between C); and
auxiliary circuit loss obtained from analysis on the loss of the
auxiliary circuit in Section IV, C}.; = 0.0377 uF should be taken
theoretically, but C}qy = 0.039 uF = 39 nF is taken actually,
when manufacturing tolerances of C); and the influence of
temperature change on C'.q are taken into account.
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5) Uy =125V, Ipmax = 15 A, Cp1 =39 nF, Cro = 0.22 uF,
Lo =7 puH, and n = 1 are substituted into (34), and the
following inequality can be obtained as follows:

dug,o (t) ﬂ

dt t—ts - Chro

du
= 201. 3 — | .
01.8 V/us < (dt)r

(73)
Therefore, the parameter design meets the condition that S,.o
can realize zero-voltage turn-OFF in the full load range.
6) Lgo =7 pH and C,5 = 0.22 uF are substituted into (35),
and the following formula can be obtained as follows:

To=Iomax

Ty = —— = 1.9 ps.
20J1
Therefore, S,1 can achieve zero-current turn-OFF in the full
load range on conduction that Ty is equal to 1.9 us.
7) le = LSQ =17 ,uH, Crl =39 IIF, and Org = 0.22 /.tF
are substituted into (37), and the following formula can be
obtained as follows:

(74)

T = — + = = 3.4 ps.

75
20.}2 w3 ( )

Therefore, S, can achieve zero-voltage turn-ON in the full
load range on conduction that Ty is equal to 3.4 us.
8) Ly = Ly =7 uH,Cy =39 nF, and C,5 = 0.22 uF are
substituted into (39), and the following formula can be
obtained as follows:

2w
T(.dg

2T ™
Twl ’ TLUQ

pSro = Max = 0.155. (76)

Hence, the parameter design meets the condition for simpli-

fying the control of the auxiliary circuit in the full load range.

9) U1 =125 V, le = LSQ =7 MH, I()max =15 A, C»,-l =

39 nF, and C,5 = 0.22 puF are substituted into (40), and
the following inequality can be obtained as follows:
U =22.2A < 30A.
Z

Therefore, the parameter design meets the limiting condition

of the maximum resonant current in the full load range.

10) Cp1 = 39 nF, Cpy = 022 uF, Lgy = Lo = 7 uH,
Ty =49 us, U3 =250V, and I min = 2 A are substituted
into (41) and (42), and the following inequalities can be
obtained as follows:

7

Cr1Uq/Ipmin = 4.88 pus < 4.9 ps (78)

m/ws = 1.51 us < 4.9 us. (79)

Thus, the parameter design meets the condition that the dc bus
voltage can rise and drop within 7y, = 4.9 us in each switching
period.

11) Ug =250V, U; =125V, Ly = Lgo =7 pH, Cpq =
0.039 uF, Cyo =0.22 uF, (du/dt), = 600 V/u, (di/dt),
= 55 A/us, and 10, = 15 A are substituted into
(43)—(48). The following inequalities can be obtained

as follows:
0.99 <n <1.07. (80)

Therefore, n = 1 meets the conditions of soft-switching.
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Inverter Hardware

Fig. 6.

Photograph of the experimental platform.

TABLE I
PARAMETERS AND COMPONENTS OF THE PROTOTYPE

Components Parameters
Control board DSP TMS320F2812
Driving chip EXB841
Rated output power 2.5kW
DC power supply (Ua) 250V
Maximum load current (/omax) 15A
Minimum load current during
the operation of auxiliary 2A
circuits (Zomin)
Switching frequency (fc) 20kHz
Output frequency (f0) 50Hz
The duty cycle of trigger pulse 0155

of the auxiliary switch Sy
St and Sai~Sas
Sn
Dr2
Cn
Cn
Lgand Ly
The turns ratio n
Load inductor Lai, La and Ly3
Load resistance Rai, Ra2 and Ra3

IMBH25D-120 (1200V,25A)
IMBH60-100 (1000V,60A)
RHRG50120 (1200V,50A)

39nF
0.22uF
TuH
1
1mH
7.5Q

12) Based on the above parameters, the range of the voltage
across C'.1 is from 0 to 250 V; the range of the voltage
across C'.o is from 0 to 125 V; the range of the current
flowing through L, and L, is from O to 22.2 A; the
range of the voltage across S, is from 0 to 250 V; the
range of the voltage across S,2 and D,s is from 0 to
500 V; the range of the current flowing through S, is
from O to 15 A; and the range of the current flowing
through S, and D,.5 is from 0 to 22.2 A. The above data
provides basis for device selection in the experimental

prototype.

VI. EXPERIMENTAL VERIFICATION

The photo of the experimental platform is shown in Fig. 6.
Inverter hardware in Fig. 6 provides the image of the prototype.
The parameters and components of the prototype are shown in

Table I.

Fig. 7(a) shows experimental waveforms of uc,1 and ir1,
and it is seen that the experimental waveforms are similar

i Zero-currént "
- turmon -
R R

[2>

zero-voltage:
. turn-off
M 2Zus A CH1 & 513mV

(d

sturn off

T Y

Fig. 7. Experimental waveforms. (a) Waveforms of the resonant current i1, 51
and the resonant voltage uc,q (scales: 250 V/div, 15 A/div, 2 ps/div). (b)
Waveforms of the resonant current i, ;o and the resonant voltage w2 (scales:
100 V/div, 15A/div, 2 ps/div). (c) Waveforms of the terminal voltage us,-1 and
the current ig,.1 when the auxiliary switch S,.1 is switched (scales: 250 V/div,
15 A/div, 2 ps/div). (d) Waveforms of the terminal voltage u g2 and the current
igr2 When the auxiliary switch S;.2 is switched (scales: 300 V/div, 15 A/div,
2 ps/div). (e) Waveforms of the terminal voltage u g1 and the current 457 when
the main switch S is switched (at full load), (scales: 200 V/div, 5 A/div, 5 ps/div).
(f) Waveforms of the terminal voltage ug; and the current 7g; when the main
switch Sp is switched (at light load), (scales: 200 V/div, 5 A/div, 5 ps/div).
(g) Waveforms of output line voltage u,p, of the inverter (scales: 100 V/div,
10 ms/div). (h) Waveforms of phase currents i, ¢, and ¢, flowing through the
three-phase load of the inverter (scales: 15 A/div, 4 ms/div).
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Fig. 7. Continued.

to theoretical waveforms. Fig. 7(b) presents the experimen-
tal waveforms of uc,2 and i, and it is indicated that the
experimental waveforms are similar to theoretical waveforms.
As shown in Fig. 7(c), ugs,1 has reduced to zero before ig;,1
begins to change, and S,; achieves zero-voltage turn-ON; ig,1
has been zero before ug,; begins to change and S, achieves
zero-current turn-OFF. As shown in Fig. 7(d), ig,2 increases
slowly and S, achieves zero-current turn-ON; ug,o increases
slowly and S, achieves zero-voltage turn-OFF. As shown in
Fig. 7(e) and (f), ugy has been zero before ig; changes and
S achieves zero-voltage turn-ON; ig; has been zero before u g1
starts to change and S, achieves zero-current turn-OFF. Fig. 7(g)
and (h) indicates the output line voltage u,; and phase current
waveforms of the inverter when output frequency is 50 Hz.
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Fig. 8. Harmonic analysis of A-phase output current.
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Fig.9. Curve of the changing relationship between output frequency and THD

of A-phase current in different inverters.
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Fig. 10. Curve of the changing relationship between efficiency and output
power.

As shown in Fig. 7(h), the sine degree of current waveform is
well when output frequency is 50 Hz and the inverter runs well
in the stable state.

Fig. 8 indicates the harmonic analysis of A-phase output
current i, of the presented inverter. As shown in Fig. 8, the
total harmonic distortion (THD) of ¢, is 0.59%. Fig. 9 displays
the THD comparison of A-phase current. As shown in Fig. 9, the
THD of A-phase current in the presented inverter in this article
is lower than that in other resonant dc-link inverters, particularly
with low output frequency.

Fig. 10 presents the measured efficiency. When the output
power is 2.5 kW, the measured efficiency of the presented
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TABLE II

NUMBER OF SWITCH AND SOFT SWITCHING ACTION AND STRESS

713

Number of .
switeh [10] [15] [20] This paper
Auxiliary
switch ! 2 0 1
Bus switch 0 1 1 1
Diode 0 4 1 2
Rcsoqant ) 3 1 >
capacitor
Resonant 1 2 ) P
inductor
Soft switching Turn-on Turn-off Turn-on Turn-off Turn-on Turn-off Turn-on Turn-off
. . Pseudo Pseudo
Main switch ZVS Pseudo ZVS VAR 7VS ZVS 7VS ZVS ZCS
Asuwxllilcz;‘ry ZVS Pseudo ZVS Pseudo ZCS Pseudo ZVS | = - | - Pseudo ZCS Pseudo ZVS
Busswitch | ———- | -e- ZVS Pseudo ZVS Pseudo ZCS Pseudo ZVS ZVS ZCS
Stress Voltage Current Voltage Current Voltage Current Voltage Current
Main switch Ua+Vee Tomax +1res Us Tomax +Hres Ua Tomax +res Us Tomax
Auxiliary UstVee Tomes s U JE A I R — UstVee omes s
switch
Bus switch | - | = - Us Jomax UgtUd/n Jomax Hres Ua Tomax

NOTE: Body diodes are not included. U4 represents the dc supply voltage; V.. indicates the voltage of clamp capacitor; /omax refers to the maximum load

current; I, stands for the additional resonant current; and n represents the turns ratio of coupled inductors.

[—=— Measured value

_ —e— Calculated value
98.5

98.0

nl%

97. 5

97.0 4

96. 5

96.0 T T T T T
1.5

Po/l(w

Fig. 11.  Comparison between calculated efficiency and measured efficiency.

inverter in this article is 98.3%, which is higher than the
efficiency of the hard-switching inverter and soft-switching
inverters in [10], [15], and [20]. It verifies the efficiency
superiority of the inverter presented in this article.

Fig. 11 indicates the comparison between calculated effi-
ciency and measured efficiency in the presented inverter. As
shown in Fig. 11, the calculated efficiency is slightly higher
than the measured efficiency, because the actual magnetic core
loss and line loss are not included in the calculation. However,
the changing curve of the calculated efficiency is very close
to that of the measured efficiency, indicating that the mathe-
matical model of power loss in the auxiliary resonant circuit is
effective.

Figs. 12 and 13 present the changing curves of C}.a, Lo and
the auxiliary resonant circuit loss P,qq when the output power
is 2.5 kW. As can be seen from Figs. 12 and 13, when C}.5 and
L 4> increase, the measured value and theoretical value of P,qq
also increase, and the measured value is slightly greater than the
calculated value, because the actual magnetic core loss and line
loss are not included in the calculation. However, the changing

—=— Measured value
—e— Calculated value

110
100
90

80

P add/W

70 A

60 -

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
C r2/ },LF
Fig. 12. Changing relation curve between C'. and auxiliary resonant circuit
loss.
[—=—Measured value
120 [—e— Calculated value
110
100
90
E 80
=
3
E
A, 70
60
50
40
6 8 10 12 14 16 18 20 22 24 26
Lo/nH
Fig. 13.  Changing relation curve between Lo and auxiliary resonant circuit
loss.

curve of the calculated value is close to that of the measured
value, suggesting that the theoretical analysis on the changing
relationship between the auxiliary circuit loss and the resonant
parameter is effective.

Fig. 14 shows the power loss distribution of soft-switching
inverters in [10], [15], and [20], and the soft-switching inverter
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The loss of reference[15]
Ploss = S6W

The loss of reference[10]
Proys = 72.5W

63.45%

main switch Cy7, Ce Si, D — S, Saz

main switch

Sz D,1-D.y Ly, Loz Cry Coys Cz
a (®)
The loss of reference[20] The loss of this paper
Piosy = SOW Ploss = 42.5W
B -

58.75% 54.12%

main switch A D main switch = 8.1, 82 Dy, Dia
C, L,and L,, La, Ly Ci1,Cr
(c) (d)

Fig. 14.  Power loss distribution. (a) Reference [10]. (b) Reference [15]. (c)
Reference [20]. (d) This article.

proposed in this article when the output power P is 2.5 kW. The
total loss of soft-switching inverter proposed in [10], [15], and
[20] and this article are 72.5, 56, 80, and 42.5 W, respectively.
It should be noted that the loss of coupled inductors in [20] and
this article is, respectively, 9 and 3 W. The loss of the coupled
inductors in the topology presented by this article is much lower
than that in the similar topology presented in [20]. The location
of the coupled inductors in this article is instrumental in reducing
the power loss of the auxiliary circuit.

Table II demonstrates a comparison of the topology presented
in [10], [15], and [20] and this article based on soft-switching
type, the number of auxiliary devices and the maximum current
and maximum voltage of the switching device. In Table II,
elements that do not exist in each topology are marked with
dashes. Compared with [10], the topology presented in this
article can also diminish the maximum voltage and current of
the main switch. It can be concluded from Table I that compared
with [15], the topology presented in this article can diminish the
current stress of the main switch and the number of auxiliary
switches. Compared with [20], the topology presented in this
article can diminish the maximum voltage and current of the
bus switch.

VII. CONCLUSION

According to the existing problems of the inverters proposed
in the related literature, this article puts forward a new auxil-
iary circuit structure to improve the property of the inverter,
which is beneficial to the popularization and application of
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the soft-switching inverter. Based on theoretical analysis and
experimental results, the following conclusions can be derived.

1))

2)

3)

4)

5)

(1]

(2]

(3]

[4]

(51

(6]

(71

(8]

[91

The main switching device and the bus switching device
achieve zero-voltage turn-ON and zero-current turn-OFF.
The auxiliary switching device achieves zero-current turn-
ON and zero-voltage turn-OFF. MOSFET and IGBT can
both be used as the main switching device and the bus
switching device of the presented inverter, which widens
the selection range of switching devices.

When the output power reaches 2.5 kW, the measured
efficiency of the presented inverter is 98.3%, which veri-
fies the efficiency superiority of the presented inverter in
this article, compared with other soft-switching inverters.
In the range of 0.5 to 2.5 kW, the calculated efficiency
is close to the measured efficiency. The changing trends
of the calculated efficiency and the measured efficiency
are almost the same, which verifies high accuracy of
theoretical calculation on the auxiliary circuit loss.

The sinusoidal degree of the output phase current is well
and the auxiliary unit has no adverse influence on the
stable work of the inverter. The THD of the output phase
current is 0.59%, which is superior to other soft-switching
inverters.

The duty cycle of the trigger pulse of the auxiliary switch-
ing device can be constant, which reduces the complexity
of the control method in the auxiliary circuits.

The main switches of the inverter have no parallel resonant
capacitors and coupled inductors are in the parallel branch
of dc buses. The above distinguishing feature of the pre-
sented topology is instrumental in reducing the loss and
optimizing the efficiency.
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