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Soft-switched Single-stage Single-phase Resonant
DC-AC Converter operated at Fixed Switching
Frequency
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Abstract—This paper proposes a resonant LL.C-based isolated
DC-AC converter for grid-connected photovoltaic systems. The
converter has an LLC DC-DC stage alongside a line frequency
unfolder. The LLC DC-DC stage employs three half-bridge legs,
where two half-bridge legs are fixed frequency phase-shift mod-
ulated to generate a sinusoidal output voltage. A lower current-
rated third leg, along with an inductor, is used to achieve soft-
switching of the main bridge. The paper presents a modulation
strategy that ensures the soft-switching of all three legs over the
complete line cycle while the converter operates at the resonant
frequency. The closed-form expression relating to phase shift
and output voltage is derived using time domain analysis. Key
experimental results are presented to verify converter operation.
The operation of the proposed topology and the modulation
strategy is experimentally validated using a 220W hardware
prototype.

Index Terms—LLC Resonant Converter, Single-Stage DC-AC
Converter, ZVS, photovoltaic systems.

I. INTRODUCTION

Renewable energy sources such as photovoltaic systems
require a unidirectional isolated DC-AC converter for inte-
gration with the AC grid [1]. Conventionally, this conversion
involves a two-stage solution, which includes a high-frequency
isolated DC-DC converter followed by a DC-AC converter
[2]. The high-frequency transformer provides isolation for
safety and helps minimize leakage currents. However, the
DC-link requires a large capacitor, affecting the long-term
reliability and power density of the converter. The DC-AC
converter is hard-switched and adds a large filter inductor. A
single-stage solution mitigates the requirement of the bulky
capacitor. This solution employs an isolated DC-DC converter
followed by a line frequency unfolder [3]-[6]. The DC-DC
converter is modulated to produce a rectified AC output,
which is further line frequency inverted by the unfolder to
generate 50/60 Hz AC output. The isolated DC-DC stage
can be implemented with a phase-shifted full-bridge (PSFB)
converter [7]. However, PSFB is hard-switched for most parts
of the line cycle, causing poor converter efficiency.

In [8], a comparative analysis between existing single-
stage DC-AC topologies is presented, suggesting that the fixed
frequency LLC-based DC-DC stage performs better in terms
of efficiency. However, the fixed frequency operated DC-DC
stage loses soft-switching capability over the complete line
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cycle [9]. The soft-switching range can be extended if the LLC
is operated with variable frequency control [10]. However, in
a DC-AC application, a wide variation of switching frequency
is required to generate an AC output voltage, which results
in complex magnetic design and control. In [10], [11], a
hybrid modulation strategy is proposed involving both fixed
and variable switching frequency to improve soft-switching
performance. However, a complex control strategy and mag-
netics design are still required due to the hybrid operation.

This paper introduces a novel LLC-based DC-AC converter
topology, with a lower current rated additional half-bridge leg
and an inductor on the DC side, shown in Fig. 1a. The main
contribution of this paper is as follows.

e« The LLC converter operates at the resonant frequency,
and output voltage variation is achieved by phase shift
control.

o The lower current-rated additional leg, along with the
inductor, helps to extend the soft-switching range of the
main leg of LLC.

o All the legs of the LLC converter are soft-switched over
a wide range of converter operations.

o The optimal modulation strategy for the additional leg is
given in detail.

e« An optimal design methodology for the converter is
outlined to ensure better efficiency and minimize THD
of the output AC voltage.

e« A 220W prototype is built and tested to validate the
converter operation.

II. STEADY STATE OPERATION AND ANALYSIS

A. Modulation strategy

The proposed topology for an LLC-based unidirectional
DC-AC converter is presented in Fig 1a. On the DC side, there
are three half-bridge legs: Leg A, Leg B, and Leg C. The LC
resonant tank (L,, C,) and the high-frequency transformer
are connected between Leg A and Leg B. The transformer
has a turns ratio 1 : » and magnetizing inductance L,,. The
transformer’s output is fed to a diode bridge for high-frequency
rectification. The output of the diode rectifier is fed to an
unfolder through a filter capacitor C'y, which filters out the
high-frequency voltage ripples. An inductor L; is connected
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Fig. 1: (a) LLC-based DC-AC converter with additional leg for ZVS, (b) key waveform

between Leg A and Leg C, primarily to provide sufficient
current to Leg A for achieving Zero Voltage Switching (ZVS).
Both switches of Leg A, Leg B, and Leg C are complementary
switched with a 50% duty-ratio at the resonant frequency f,,
where f, = Wﬁ The gating pulse of Leg B is phase-
shifted by § w.r.t. Leg A. This results in a quasi-square tank
input voltage with a duty ratio of . To produce a rectified sine
voltage at the output, § is adjusted, and its correlation with the
output voltage V,, will be explained in the subsequent section.
The gating signals of Leg C are complementary w.r.t Leg B.
This switching strategy ensures that the current in inductor
L is minimum when tank current (i7) is maximum and is
sufficient to achieve ZVS of Leg A, and the current in L; is
high when ¢, is low and is unable to achieve ZVS. The line
frequency unfolder is also switched at 50% duty ratio. Switch
S5 and Sg are ON for one half-cycle, and switch Sg and Sg
are ON for the other half-cycle as shown in Fig. 1b.
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Fig. 2: Switching cycle waveform

B. Relation between V, and ¢

Fig. 2 shows the tank circuit quantities over one switching
cycle. Assuming that in this cycle, the voltage across C is
V,, and it remains constant during this cycle. The phase shift
between switches S; and S3 is denoted as d. As the converter
operates at the resonant frequency, secondary voltage v, aligns
with the fundamental component of tank input voltage vgp. To
compute the relation between J and output voltage V,, time
domain analysis is used.
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In interval 1, (0 < ¢ < t1), vgp is 0 and v} is +V,/n;
inductor current changes from i,(0) to iy (¢1), and capacitor
voltage changes from v.(0) to v.(¢1). The governing differen-
tial equations for this interval are given in (1) and (2).

dir, V5
Lri c - = 1
0t + ve + o 0 @9
dve .
C’r dt =1L (2)

Using (2) in (1), a second-order differential equation can be
obtained, given in (3), where w, = 1/v/L,.C,.

d?v, 2 Vo
= —W.—
dt? "

n
The solution of the above second-order differential equation
is given in (4) and (5).

+ wzv

rYc

3

ve(t) = ¢1 cos(wyt) + co sin(w,t) — Yo 4)
n
i(t) = —crwy sin(wyt) + cow,. cos(wyt) 5)

Coefficients ¢; and c2 can be calculated in terms of v.(0) and
ir.(0), by putting ¢ =0 in (4) and (5).

o= ul0) + ©)
e = 20 ™
wy

Putting ¢t = ¢ and using (6) and (7) in (4) and (5), expression
for v.(t1) and iy, (¢1) can be obtained as (8) and (9).

ir(0)

r

ve(t1) = (ve(0) + %) cos(wy,t1) + sin(wytq) — % €3]

ir(t1) = —(ve(0) + %)wr sin(w,t1) + i1 (0) cos(wyt1) (9)

In interval 2, (t1 < ¢ < t3), Vap 18 Ve and vg is +V,/n;
inductor current changes from iy, (¢1) to ir(¢2) and capacitor
voltage changes from v.(t1) to v.(t2). The governing second-
order differential equation for this interval is given in (10).

dv, E

2, _ 2
e + wrve = wi (Vge — n)

(10)
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The solution of the above second-order differential equation
is given in (11) and (12).

ve(t) = e cos(wy(t—t1))+cy sin(wr(tftl))JrVdCf% (11)

ip(t) = —cswy sin(wy-(t — 1)) + caw, cos(w,-(t —t1)) (12)

Coefficients c3 and ¢4 can be calculated in terms of v, (t2) and
ir(t2), by putting ¢ = t5 in (11) and (12).

c3 = (vc(tg)—VdC—i-%) cos(w,.(tg—tl))—ii()itﬂ sin(wy(t2—t1))

I

(13)
ir(t2)

T

cy = (vc(tz)—Vdc—f—%) sin(wy. (ta—t1))+

(14)
Putting ¢ t1 and using (13) and (14) in (11) and (12),
expression for v.(¢1) and iy (1) can be obtained as (15) and
(16). Here, w,(to — t1) can be written as 74, by putting

wTZZT—’:andtg—tlz 555.

veltn) = (ve(t2) = Ve + 2) cos(md)

~ ) Gy 4 v - Y2 (15)
Wy n
. Voo .
in(t1) = wr(ve(te) — Vae + Z) sin(mod)
+ iz, (t2) cos(md) (16)

In interval 3, (to <t < %), Vap 18 0 and v, is +V,/n;
inductor current changes from iy, (t5) to i, (%), and capacitor
voltage changes from v.(t2) to v.(%+). The governing second-
differential equation for this interval is given in (17).

dv,
dt?

The solution of the second-order differential equation is given
in (18) and (19).

2

%
2 Vo
T Wy —

n

+ w, v, = —

a7

o

ve(t) = c5 cos(wy(t — t2)) + co sin(w,(t — t2)) — ‘7/1

(13)

in(t) = —wpes sin(wy-(t — t2)) + wrcg cos(w, (t — t2)) (19)

Coefficients ¢5 and c¢g can be calculated in terms of v.(0)
and i7,(0), by putting ¢t = T5/2 in (18) and (19) and replacing
ve(Ts/2) and ip (Ts/2) with —v.(0) and —i1,(0), respectively,
using half-wave symmetry property.

05 = (=0e(0) + Vo) cos(in (5" — 12))
N ir(0)
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Putting ¢ = 2 and using (20) and (21) in (18) and (19),
expression for v.(t1) and ir,(¢1) can be obtained as (22) and
(23). Duration T /2 — t and t; are actually equal because of
the symmetric nature of the applied v,;, waveform.

ve(t2) = (—ve(0) + %) cos(wyt1)
ir,(0)

Wr

o

+

(22)

sin(wyt1) —

ir(t2) = wp(—v.(0) + %) sin(wyt1)

—ir(0) cos(wyt1) (23)

Equating (9) with (16) and using (23), a closed form expres-
sion for the output voltage V, can be obtained as (24).

)
V, = nVy.sin ™ (24)

2
The expression (24) is independent of the output load current.
For this application, the output DC voltage V, is a rectified
sine wave and can be expressed as |V}, sin(27 f,t)|, where f,
is the line cycle frequency and V), is the peak of the output AC
voltage. By replacing V, with |V}, sin(2~ f,t)| and rearranging,
the expression for ¢ can be obtained as (25).
P

5= % {Sinl (n“// | sin(2r fot>|)]

dc
C. ZVS Analysis

In the LLC converter, when § = 1, both legs of the full
bridge are soft-switched. However, when the duty ratio is
below 1, one of the legs starts to lose its soft switching
capability, which worsens with the decrease in the duty ratio.
In Fig. 2, during the interval (0 < ¢ < t1), Sa is conducting
and S; is OFF. At t1, Sy turns OFF, the direction of current
i1, is positive, and current shifts from Ss’s channel to its anti-
parallel diode. After the dead-time, S turns ON, which results
in a hard turn ON. In interval 2 (t; < t < t3), Sy is conducting
and Sj is OFF. At t,, S, turns OFF, iy, is positive, and during
the dead-time parasitic capacitor of Sy charges to V. and S
discharges to 0. After a sufficient dead-time, S5 turns ON with
the zero voltage across it, which results in soft turn-ON of the
switch S3. In conclusion, Leg B is soft-switched, and Leg A
is hard-switched because of the duty cycle modulation.

To achieve soft-switching in Leg A, Leg C is used along
with an inductor L, connected between node a and ¢, which
are the points of Leg A and Leg C, respectively. The switching
of Leg C is complementary to Leg B. Fig. 3 represents the two
conditions in which duty-ratio of the v, is small which occurs
when the AC voltage is near zero, as shown in Fig. 3a, and
near unity which occurs when the AC voltage is near peak, as
shown in Fig. 3b. The complementary operations ensure that
the duty ratio of v, is maximum when ¢ is low and minimum
when § is maximum, resulting in high and low peak current
in L1, respectively.

During interval 1 (0 < ¢ < t1), the voltage v, is negative
and the inductor current i; changes from 0 to i;(¢1), and

(25)
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the tank current changes from iy,(0) to iz (¢1). The resultant
current (%,) seen by Leg A is the sum of ¢;, and i1 as shown
in the red waveform in Fig. 3a. The resultant current ¢, is in
the negative direction, due to which switch S; will experience
a soft turn-ON. Similarly, in the second half of the switching
cycle, switches Sy will experience soft turn-ON. When ¢ is
close to unity, as in Fig. 3b, i,(¢1) is already negative, and the
compensation current requirement is low. In conclusion, the
proposed topology and switching strategy provides the right
support for ZVS when it is required. As Leg C is connected
to an inductor, the current ¢; at t; is always negative, and
i1(t2) is always positive, ensuring that Leg C always satisfies
directional base ZVS criteria. However, to ensure that the
magnitude criteria also get satisfied, the duty ratio of vg.
should have a lower bound.

ITI. CONVERTER DESIGN AND RESULTS
A. Design of the proposed converter

The specifications for the converter are outlined in Table
I. The values of L., Cy, n, L,,, and L, are designed such
that the RMS of tank current (¢;) and THD of output voltage
(vo) is minimum. The peak output voltage V), is calculated
as V, = 75 x v/2 = 106V. To ensure that the converter can
generate a peak output voltage at the resonant frequency, the
turns ratio can be determined as n = “//Tp = 0.96 ~ 1. The
tank impedance Z, = /Lr/Cr is selected as 29} to ensure
minimum RMS tank current and low output voltage THD. The
resonant frequency f, is selected as 100kHz, leading to L, =
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Fig. 4: Switching instant current at ¢ = ¢1 over the line cycle.

TABLE I

CONVERTER SPECIFICATION
Parameters [[ Values
Input DC Voltage V. 110V
Output AC voltage (RMS) 75V
AC frequency fo 50Hz
Output power 220W
Resonant frequency f;- 100kHz
Output filter capacitors 2.5uF

Diode Bridge
Transformer with L, and L,,

Unfolder

Fig. 5: Experimental Setup

47uH and C, = 54nF. L, is selected as 100uH to ensure that
Leg B achieves soft-switching when the duty ratio is unity. To
get the ZVS for Leg A, L; must be selected appropriately. The
tank current 77, at ¢; instant for the quarter of the AC cycle
is shown in Fig. 4. The current iy (t1) is positive for almost
the entire range of operations. To achieve ZVS, the resultant
current %,(t), which is the sum of r,(¢1) and i (¢;) should be
below -2.2A to satisfy direction as well as magnitude criteria.
With L;=100xH, the resultant current (i,-(¢1)) has a significant
portion above -2.2A, shown in the red dotted waveform. As we
decrease, the inductance value, the magnitude of i,.(t1), goes
below the desired value. Finally, a 50¢H inductor is chosen
as Lj. It can be seen from the figure that the resultant current
is in the desired range.

B. Hardware results

To validate the proposed topology, a 220W prototype is
made, as shown in Fig. 5. At 220W, the converter’s input
DC voltage is 110V, and the output RMS voltage is 75V.
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wot = 27°. (e) Output AC current (%,)

Experimental results are presented in Fig. 6. Fig. 6a shows
the input voltage v,;, output voltage v,, tank inductor current
i1, and Ly current 41, over a line cycle. Fig. 6b, 6¢, 6d and
6e provides a closer look at different line cycle angles, w,t.
In Fig. 6b, at w,t = 90°, current 7y, is negative with sufficient
magnitude, so the requirement of compensation current 4; is
low, which can also be seen from the figure. If the w,t value
is below 90° as in Fig. 6e, the tank current direction becomes
positive, and more compensation current is required to achieve
soft-switching. Finally, because of the addition of L; inductor
current, ZVS can be achieved for Leg A.

IV. CONCLUSIONS

This paper presents an LLC-based unidirectional, isolated
DC-AC converter topology for grid-connected PV systems
and fuel cells. The proposed modulation strategy ensures fixed
frequency operation of the LLC input bridge to generate the
sinusoidal voltage at the output. On the DC side, one additional
half-bridge leg and an inductor are used to extend the ZVS
range at fixed frequency operation. All the active devices are
soft-switched over a complete line cycle. Operation of the
converter is experimentally validated in a 220W hardware
prototype. The modulation strategy and analysis of different
operating modes are presented in the paper. Experimental
results show that the additional leg and inductor help achieve
soft-switching for the complete AC cycle.
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