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Abstract—This paper presents a resonant LLC based isolated
single-phase DC-AC converter for grid connected photovoltaic
systems. The converter employs a LLC DC-rectified AC stage
followed by a line frequency unfolder. A constant switching fre-
quency based modulation strategy is used to generate sinusoidal
output voltage. The gain of the converter is independent of the
load current in the operating region. To control active power
flow, a small variation in gain is needed which results in small
variation in operating frequency. This ensures optimal design
of the magnetic components. A closed form expression of the
converter voltage gain is derived. Additionally, load independent
ZVS of the input H-bridge is ensured. A 2 kW prototype
is designed and key simulation and experimental results are
presented to verify the converter operation.

Index Terms—Resonant converter, LLC, unfolder circuit, iso-
lated DC-AC converter, zero voltage switching, voltage gain.

I. INTRODUCTION

The unidirectional high-frequency-link DC-AC converters
are becoming popular for applications like grid integration
of photovoltaic systems and fuel cells [1], [2]. The high
frequency galvanic isolation provides high power density,
light weight converter solution. The transformer is used for
voltage matching, to reduce leakage current and to ensure
safety. Generally these converters employ multi-stage power
conversion system where a pulse width modulated (PWM)
isolated DC-DC converter is followed by a DC-AC stage,
connected through inter-stage DC link filter capacitor [3].
Recently a number of single stage solutions are reported which
remove interstage filter capacitor [4], [5]. The PWM based
topologies are widely popular due to fixed frequency operation
and simple, essentially load independent control of the voltage
gain. But the converters are either hard switched or have load
dependent limited soft-switching range [5]. Additionally, the
semiconductor devices experience high voltage stress due to
circuit parasitics and the converters have high EMI emission
[6].

The resonant based isolated DC-AC converters are widely
investigated in literature [6]. The use of resonant tank can
ensure wide, load-independent soft-switching range and re-
duces EMI emission. But wide variation of the switching
frequency is required to generate the sinusoidal output voltage
[2]. This results in non optimal magnetics design and complex
control. Additionally, the voltage gain of these converters is
load dependent and require variable frequency operation for
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output regulation. [7], [8] reported series and parallel resonant
based DC-AC converter solutions. Here fixed frequency based
modulation techniques are presented to generate sinusoidal
output voltage. However wide variation of the switching fre-
quency is still required as the voltage gain is load dependent.
Additionally, these converters require a split input DC bus with
two input DC link capacitors and employ a pair of resonant
tank elements. [6] presents a LLC based inverter with unfolder
circuit. But the converter operation is not discussed in details.

In this paper a LLC resonant based isolated DC-AC con-
verter is proposed (Fig. 1a). The proposed topology with
suggested modulation scheme has following features. (a) The
converter employs a LLC DC-rectified AC stage followed by
a line frequency unfolder. (b) The converter does not require
a split DC bus and employs lower number of resonant tank
elements [7], [8]. (c) The two legs of the input H-bridge are
switched at slightly different but constant frequencies (close
to resonant frequency) to generate sinusoidal output voltage.
(d) The input bridge is zero voltage switched (ZVS). (e)
In the operating region, the voltage gain and ZVS is load-
independent. (f) To compensate the line impedance drop, a
small variation in voltage gain is needed resulting in small
variation in the operating frequency range. (g) This ensures
optimal design of the magnetic elements. (h) A closed form
expression of the converter voltage gain is derived. A 2 kW
prototype is designed and key simulation results are presented
to verify the operation.

Il. STEADY STATE OPERATION AND ANALYSIS
A. Modulation strategy

Fig. 1a shows the LLC based isolated DC-AC converter. In
the DC side, the converter has a H-bridge (S;  S4) followed
by resonant tank elements L, and C,. A high frequency
transformer with turns ratio 1 : n, and magnetising inductance
L is employed followed by a diode bridge rectifier (D1 Day)
and an unfolder (Q1  Q4). The output of the unfolder is
connected to a filter capacitor (C¢) before connecting it to
the grid (vg) through a line inductor (Lg). The resonating
frequency of the tank, f, = p% The half bridge legs
are complementary switched with the gating pulses of 50%
duty ratio. S; S, and Sz S4 are switched at frequencies
fi = (fc+f,) and f, = (Ff, T,) respectively (see Fig.
1c). The carrier frequency . is close to f, whereas T, is the



xT
Dy Dy —I
¢ o)
d Qs
D2 Dty 1

Van

Ubn

Vab,

Verd! &

:».l,_

v

©

K3
1 :
Cr v :
3 t T »
o e . ;
< i 3
—
(b)
Ly Vop
Vo me Y9 _— 9 wholp
1 Vs

(d)

Fig. 1. (a) LLC based DC-AC converter, (b) key waveforms, (c) function f(t), (d) equivalent circuit of the grid connected converter and phasor diagram

fundamental frequency of grid voltage vgy. The primary bridge
pole voltages are given as in (1).
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The tank input voltage vap, is given in (2). Here 1(=2 f) is
the angular frequency.
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The fundamental component of the tank input is vap, =
I.tsin I t (shown in Fig. 1c). As, I. 1., the
resonant tank filters out the other high frequency components
and only allows the fundamental component (Vap, ) to pass. In
the secondary, the high frequency AC is rectified by the diode
bridge (D1 Dg4) and then it is line frequency inverted by
the unfolder Q; Q4. Cs filters out the high frequency ripple

current. The desired output voltage is given in (3) (see Fig.
1c).

Vab = (Van

Vo = Vp sin 1t

®

Vp is the peak value of the output voltage.

The transformer secondary voltage, Ve iS shown in Fig.

l1c. When . T, veog Vv F(1).
<
f(t) = —( 1) cosnlct 4)
n=1;3;5:: n

T(t) is given in (4) (see Fig. 1b). Hence v can be approx-
imately expressed as in (5).

4V
2P 1)"z" cosni tsin 1ot

®)

Veogo
n=1;3;5::

The fundamg\r}tal component of the transformer primary volt-
age Veg, = n—p cos I:tsin 1,t, has similar expression as Vap, .
To control Vpr, T will be varied below f,. But the assumption,
. F will still be valid. Next, the relationship between Vp
and f. is analysed.

B. Relation between Vp and f.

From (2), vap at ot = 5 is given as in (6).
VAT

( 1) cosnlct—Vdc f(t)

(6)

Vab =
n=1;3;5::

As f; f,, near the peak of the output voltage (vo),
a square wave AC voltage with magnitude Vg is applied
at the tank input (vgp). The the equivalent circuit is shown
in Fig. 2a. Due to diode bridge, the converter supports only
UPF operation. Hence, i, = Ip (which is peak value of load
current) when Y.t = . The operation of the converter is
analysed at this instant.

For simplicity, the analysis is presented in per unit (PU)
form. The key quantities are given in Table I. The PU quanti-
ties used in the analysis are- tank input voltage mgy, = “r"ab
resonant capacnor voltage m; = ”r\‘,’fr, resonant mductor
current jr = = transformer magnetising current jm n'”;b

and peak Ioad currentJ = 'F’ . The gain-frequency (M-F) plot
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Fig. 2. (a) Equivalent circuit of the converter when 1ot = 5 (b) Gain-Frequency plot of LLC converter, (c) LLC waveforms when F < 1, (d) State plane

diagram in mode 1

TABLE |
KEY QUANTITIES OF THE LLC CONVERTER

Parameter [ Values

Base voltage, Vp, NeVdce

: L

Base impedance, Rp n2 o

Vb
Base current, Iy R
Inductance ratio , L
r
Frequency ratio, F =
\oltage gain, M \\%
Angular half period, E

of a LLC converter is shown in Fig. 2b [9]. To achieve zero
voltage switching (ZVS) of the primary bridge and higher gain,
the converter is operated with F < 1. Fig. 2b shows the desired
operating region in red shade (considering required variation
of M is small. The reason is explained in next section). Here,
the required variation of f. will be small and F will be close
to unity. When F < 1, the LLC operates in DCM mode. Here
the objective is to find out a closed form expression of M
as a function of F using state-plane analysis. Fig. 2c shows
key waveforms of the converter. The converter operation is
symmetrical over one half of the carrier cycle. The converter
has two modes of operations- mode 1 (0 ) and mode
2 ( ) where =1t

1) Mode-1: In mode 1, the diode bridge conducts the output
current. The circuit equations are given as in (7).

%+mczl M

dm .

dC:Jr (7)
Aim _

d——M

So using (7), in this mode, jm( ) jm(0) = M—. Due to
symmetry in the waveform (see Fig. 2¢), jm( ) = jm(0)
and thus jm( ) = '\2"— At the end of this mode the diode
bridge stops conducting. Hence jr( ) = Jm( ).

2) Mode-2: In mode 2 the circuit operates in DCM and
the load current is supplied by the output capacitor C¢. The
presented analysis considers L, to be large and hence the
variation of jm, is negligible. S0 jr( ) = jm( ) =Jm( ). In
this mode, mc varies linearly as 9™ = j,,( ). At steady state

d
operation due to the symmetry in the waveforms, m¢( ) =

me(0) and jr( )= Jr(0) = jm(0).
[11. CONVERTER DESIGN AND SIMULATION RESULTS

Fig. 2d shows the state plane diagram of the resonant tank
variables, j, and m¢ in mode 1. Using basic trigonometric con-
cepts, from Fig. 2d it can be shown that, 40RQ 4O0ORP
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Fig. 3. Simulation results-(a) line cycle waveforms (vo, io), (b) switching cycle waveforms at 1ot

tank voltage and current waveforms and (d) M vs. F plot

and 40TQ 4O0TS. From the equal triangles, can be
estimated as .As 40RQ 4O0RP D) RP =RQ)D
me( )+me(0) =2 2M.Inmode 2, me() me( ) =
im()C ) me( )+me(0) = Y-( ). Byequating
above two equations, the converter gain M can be expressed
as in (8). .

4 F
4 F 21 F)
Thus the peak value (Vp) of the out voltage (Vo) is given as
in (9).

M =

®)

an, FVge
F 2@

Vp = nNMVyg = )

4 F)

A. Power flow control

Due to the secondary diode bridge, the converter supports
only instantaneous unidirectional power flow from DC to AC.
Hence the output voltage v, and line current i, must be
in same phase. Fig. 1d shows the equivalent circuit of the
converter connected to the grid and the phasor diagram for
the fundamental (f,) components. Vp, Vgp and Ip are peak
values of v, vg and i, respectively. is the phase angle. For
a given power flow P, Vp and  can be obtained by solving
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= 3, (c) experimental setup and experimentally obtained

(10).
P =0:5Vplp = 0:5Vgp Ip cos
, PIP R g2P P (10)
Vp and can be expressed as given in (11).
v S|
Vp = 05 ngp + Vg“P (21,L4P)?
11)
1 Ve
=c0s ~—
Vgp
The power flow, P can be controlled by changing Vp and . If

we considered Vgp = 1 PU, rated power P =1 PU and 10%
line impedance (PU !,L4 = 0:1), the estimated Vp = 0:995
and = 5:77 . When P = 0:2 PU, estimated Vp = 0:9998
and = 1:15 . The change in Vp with the variation of P is
very small. Hence the converter can be designed to operate
close to resonant frequency i.e. f. ” f.. Additionally if we
consider a 10% variation in vg, let Vgp = 1:1IPU)Y Vp =
1:096 PU at rated power. For a design with = 4, using (8)
F = 0:875 i.e. f; is still close to f,.
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TABLE 11
CONVERTER SPECIFICATION
Parameter [ Values
DC input (Vgc) 400V
Grid voltage peak (Vgp) | 230" 2V
Grid frequency (fo) 50Hz
Output power (P) 2kW
Resonant frequency fy 100kHz
Filter capacitance C¢ 5 F

B. Design Steps

The specification of the converter is given in Table Il. The
following design steps determine the values of L., C, and n,
in Fig. la. At rated power (using B(gression obyp given in
(11)) estimated Vp = 0:995 230 2=228.835 2 and Ip =
% = 12:36A. At rated power, we have considered J = 1,
f. = f, =100kHz i.e. F = 1. The primary leg S; S,
is switched at (f; + f,) = 100050Hz where as Sz Sy is
switched at (f. f,) = 99950Hz. Using (8), for F =1, M
can be estimated as M = 1. Hence the transformer tuegs ratio
Nr = - = 0:809. As J = 2 =1, R, =n? &&=
26:18 . The resonant frequency f, = z—pll_:c = 100kHz.
Thus L, = 63:3 H and C, = 40nF. To limit the circulation
current, is chosen as 4. If we consider =4, Ly =

L, = 2532 H.

C. Simulation and experimental results

The converter is simulated for the operating condition given
in Table Il. Fig. 3a shows the 50Hz sinusoidal output voltage
and current waveforms with peak values 323.6V and 12.35A
respectively. Tank input voltage (vap) and Transformer sec-
ondary voltage (Vcoq) are also shown in this figure. Simulated
waveforms are matched with Fig. 1c. Same set of waveforms
are presented in Fig. 3b over two switching cycles (100kHz)
when 15t = 5. vap and Veoqo are square waves with magnitude

400V and  323:6V respectively. Fig. 3c shows experimental
setup and experimentally obtained tank circuit waveforms. As
Lm = 4L, im is significantly smaller than i,. Peak value of
the resonant capacitor voltage (vc,) is 650V. Fig. 3d shows
M F plots for = 4;6, 8 and 0:9 F 1. Mest iS
the estimated values of M using (8). Mp and Mg.sp are the
values of M, obtained from simulation at rated power and 25%
of the rated power respectively. Fig. 3d validates (8) and also
shows that peak output voltage (Vp) is almost independent of
load current in the considered region.

IV. CONCLUSION

This paper presents a 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 output voltage. In the operating region, the converter
voltage gain is load-independent. But to compensate the line
impedance drop, a small variation in voltage gain is needed
resulting in small variation in the operating frequency range.

The operation ensures load independent ZVS of the input H-
bridge. The grid interfaced H-bridge is line frequency switched
incurring negligible switching loss. A brief discussion on
converter operation along with key simulation results are given
here.
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