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A Fixed-Frequency ZVS Integrated Boost Dual

Three-Phase Bridge DC-DC LCL-Type Series
Resonant Converter

Nagendrappa Harischandrappa

Abstract—A new fixed-frequency controlled three-phase de—dc
LCL-type series resonant converter with integrated boost function
is proposed for medium to large power applications with wide input
voltage variation that is typical of alternate energy sources. The
converter includes a dual three-phase LCL-type resonant bridge
inverter modules connected in parallel, thus significantly reducing
the component stresses when subjected to medium to large power
applications. The fixed-frequency control of the output power is
achieved by phase shifting the gating signals of one module with
respect to the other, while the rectified voltage at the secondary
windings of a three-phase high-frequency transformer connected
between the two modules is added to the input voltage to boost the
supply voltage to the modules. The zero-voltage-switching of all
the switches is accomplished by designing the converter to operate
in the lagging PF mode for wide variations in the input voltage
and the load. Detailed modeling of the three-phase boost section
is done and the steady-state analysis of the proposed converter for
three-phase LCL-type dc—dc converter modules using complex ac
circuit analysis method is presented. For illustration purpose, a dc—
dc converter of 600 W is designed, and its performance is verified
using PSIM simulations. An experimental model of the converter is
built in the laboratory to verify its performance for wide variations
in input voltage and load changes.

Index Terms—DC-DC, dual three-phase bridge,
frequency, integrated boost, LCL-resonant converter.

fixed-

I. INTRODUCTION

HE power generated using renewable energy sources is

highly fluctuating and cannot be used without condi-
tioning. Hence, power converters play an important role in
producing usable power from such sources. Many one-phase
high-frequency (HF) transformer isolated dc—dc soft-switching
resonant converters have been reported in the literature, e.g.,
[1]-[14]. However, such converters suffer from severe com-
ponent stresses when subjected to large power applications
such as sea wave energy conversion [15]-[16]. To reduce these
component stresses, three-phase HF transformer isolated dc—dc
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converters have been reported in the literature [17]-[29]. Some
of the several advantages of the three-phase dc—dc converters
over one-phase are: ability to handle higher power, lower cur-
rent ratings of the switches, reduced input and output current
ripple due to an increase in the effective frequency by a factor
of three resulting in small size filter requirements, reduced size
of the transformer, and better utilization of the transformer core
[21], [25], [27]. To increase the converter operating efficiency
and reduce its overall size, three-phase HF transformer isolated
soft-switching resonant converters capable of operating with
much higher switching frequency while keeping the switching
losses low are reported in the literature [15], [17]-[28]. These
resonant converters were operated with variable frequency con-
trol that has the disadvantages such as difficulty in the design
of magnetics and filters, increased power losses at higher fre-
quencies (if above resonance mode is used), increase in the size
of the magnetics and filters due to very low frequency at light
loads (when below resonance operation is used) [1]-[3], [6].
Fixed-frequency control of three-phase resonant converters has
the difficulty to operate in zero-voltage-switching (ZVS) mode
for wide variations in input voltage and load [23]. Although
one-phase HF isolated LCL-type with fixed-frequency gating
control can operate in ZVS in such situations [1], [2], [7], [8],
three-phase LCL-type converters have been operated only in
variable frequency control due to difficulty to maintain ZVS
operation in fixed-frequency control [21]. The fixed-frequency
controlled three-phase LCL-type dc—dc resonant converter with
a capacitive output filter cannot have ZVS for all the switches.
Similarly, dual active bridge pulse width modulation (PWM)
converter also cannot maintain ZVS for such wide variations
in input voltage and load [30], [31]. A variable-frequency con-
trolled one-phase dual half-bridge series-parallel resonant con-
verter with transient-boost function was first proposed in [32].
In [33], a fixed-frequency controlled integrated boost-dual one-
phase half-bridge LCL-type series resonant converter (SRC)
with a capacitive output filter was proposed. In the present type
of application, these types of boost integrated resonant con-
verters are suitable due to wide variations in the input voltage.
However, only one-phase versions are proposed in the litera-
ture [32], [33]. A three-phase HF transformer isolated dc—dc
LCL-type resonant converter with a transient-boost function
has not been reported in the literature. In this paper, a fixed-
frequency controlled integrated boost dual three-phase bridge
LCL-type SRC with capacitive output filter is proposed (see

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


https://orcid.org/0000-0002-6730-7897

1008

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 2, FEBRUARY 2018

Module-1 + 1, Module-2
SIEDECF SEDECa SHDECE  mel 30 HE SIEDECF S8 DECaF S3E Dk Ca
N Boost Iriulsformer (T5)
A ot T i A
B A { B c
o Tl e
L )
P 1 7_; P!
I R LV Boost |
S48 D G | Sok D caf ) S8 DA it 34 Boost Rectifier OV, S5 Dk Car 1S58 D Cat ) S28 Do o
iLsa iLsB iLsc iLsa iLsB iLsc
Lea L Ly Lsa L L
CsA CsB CsC C:A

Transformer (T))

l:nt, 3-¢ HF
Transformer (T,)

3-¢
Diode Rectifier

Lrect_in,a

Fig. 1.
filter that uses a three-phase boost transformer-rectifier circuit.

Fig. 1). The proposed converter consists of two three-phase in-
verter bridge modules that are connected in parallel to supply a
common load. Each inverter module is provided with 180° wide
normal three-phase fixed-frequency gating signals. The fixed-
frequency control of regulating the load voltage is achieved by
phase shifting the gating signals of module-2 with respect to
that of module-1, while the rectified voltage at the secondary
windings of the three-phase HF transformer connected between
the two modules is added to the input voltage to boost the supply
voltage to the modules. This phase-shift is controlled to regu-
late the output voltage (V;,). The proposed converter has all the
advantages aforementioned of the three-phase HF transformer
isolated LCC-type and LCL-type of resonant converters while
operating in a fixed-frequency ZVS mode. Comparison of ex-
isting three-phase dc—dc converter topologies, i.e., Topology-1:
thre-phase LCL-type dc—dc resonant power converter with ca-
pacitive output filter [21]; Topology-2: three-phase LCC-type
dc—dc resonant power converter with capacitive output filter
[23], [24]; Topology-3: three-phase PWM dc—dc converter [31]
with the proposed converter topology (Topology-4) is presented
in Table I. The objectives of this paper are, for the proposed
converter,

1) to present the operation;

2) to model the boost transformer—rectifier section;

3) to analyze one of the two LCL inverter modules;

4) to illustrate the design procedure with a design example;

5) to verify the performance using PSIM simulations; and

6) to build an experimental model to verify its performance.

The outline of the paper is as follows: In Section II the circuit
details and the operating principle of the proposed converter are
described. Modeling of the boost section and the steady-state
approximate complex ac circuit analysis of the fixed-frequency
three-phase LCL inverter module is presented in Section III.

Fixed-frequency controlled three-phase HF transformer isolated dual three-phase bridge dc—dc LCL-type series resonant converter with capacitive output

TABLE I
COMPARISON OF THREE-PHASE DC-DC CONVERTER TOPOLOGIES

Topology Advantages Disadvantages

1 Al. Narrow variation in switching
frequency for voltage regulation

D1. Variable-frequency
control-difficult filter and magnetic
design

D2. Higher component stresses
(Due to non-availability of
load-sharing modules) for large
power applications(> 10 kW)

A2. Wide ZVS range

A3. Reduced size as the magnetizing
inductance of the transformer can be
used as part of the parallel inductor.
2 Al, A3, and A4. Rectifier voltage
ratings limited to output voltage.

D1, and D2

3 AS5. Simple control. D2, D3. Hard-switching, and D4.
Limited switching frequency range
4 Al to A5 and A6.Integrated-boost D5. Uses more number of

function A7.Reduced component
stresses-suitable for use in power
rating > 10 kW

A8. Fixed frequency control- filter
design is simple.

A9. Can supply 50% of rated power in
case of a fault in one of the modules.
A10. Wide input voltage change

components e.g., 12 switches, and
18 diodes.

Design procedure with an illustrative example of a 600-W con-
verter is presented in Section IV. PSIM simulation results are
presented in Section V. The experimental results are presented
in Section VI. Conclusions are drawn in Section VIIL.

II. CIRCUIT DETAILS AND THE OPERATING PRINCIPLE

The circuit diagram of the proposed converter is shown in
Fig. 1. This circuit consists of two three-phase inverter bridges
each having six MOSFETs with antiparallel diodes and a
snubber capacitance across it. The output terminals of these
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inverters are connected to a three-phase diode rectifier through
a three-phase resonant circuit consisting of resonant inductance
L and resonant capacitance C; in each phase and a three-phase
HF transformer (17, T5) of 1: n; turns ratio. These modules are
connected in parallel and are supplied with V},,s. The primary
windings of a three-phase HF boost transformer (73) of ny,:1
turns ratio is connected between the two modules. Each phase
of the primary windings of the boost transformer is connected
between the same output phase of the two inverter bridges. The
secondary terminals of the boost transformer are connected to
a three-phase diode boost rectifier bridge. The boost rectifier
bridge output voltage is filtered by L; and C/. This filtered out-
put voltage (Vi,00s) Of the boost rectifier is connected in series
with the input dc source to give V},5, Which is applied across the
two modules. In the three-phase LCL resonant converter mod-
ules, the parallel three-phase Wye connected inductors L'}, in
each module are placed on the secondary side of the three-phase
HF transformers so that the magnetizing inductance can be used
as part of the parallel inductor and the leakage inductance can
be used profitably as part of the series resonant inductors Lg [7],
[21]. The primary windings of the three-phase boost transformer
T3 are connected between the modules-1 and 2 and secondary
windings are shown in Wye connection (they can also be con-
nected in A). The six gating signals for the three-phase inverter
bridge switches are 180° wide as shown in Fig. 2. These gating
signals are applied in an order with a delay of 60° to get a bal-
anced three-phase inverter output voltage. Each switch conducts
for 180° and three switches remain on at any point of time in a
given interval, devices conducting are shown in Fig. 2. There are
six intervals of operation in each cycle and the duration of each
interval is 60°. The fixed-frequency control is achieved by phase
shifting the gating signals of module-2 with respect to module-1
by an angle 4, which creates a potential difference across the
primary windings of the HF boost transformer. The correspond-
ing voltage thus induced in the secondary is rectified and filtered
using Ly and C} to generate Vi,o0st and added with input volt-
age (Vi) to create the bus voltage Vi,us = Vin + Vioost, Which
is applied across the three-phase inverter bridge modules 1 and
2. At minimum input voltage Vi, (min) and full-load, the gating
signals of module-2 are shifted by 180° to generate a square
wave voltage waveform of pulse width, 6 = 7 in each phase
across the primary windings of the three-phase boost trans-
former. The phase shift is varied to change the pulsewidth § of
quasi-square wave generated across the primary windings of the
boost transformer 73 to regulate V;, for variations in V;,, and the
load. Typical operating waveforms for an arbitrary pulsewidth &
for the boost section and the three-phase resonant converter are
shown in Fig. 2. The inverter output voltages (vap, VB, Vca)
and currents (irsa, t1sB, tLsc) Waveforms are shifted by 120°
from each other. The output voltage and current waveforms of
module-2 are shifted by an angle § from that of module-1. It
can be noted from Fig. 2 that the widths of the inverter output
voltage waveforms vap, vpc, vca for each module remains
unchanged at 120° as ¢ is varied. However, the amplitudes of
these waveforms change when the load is changed as the V4,
changes to keep V,, constant. The resonant current waveforms
shown are approximately sinusoidal and they lag the respective
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Fig. 2. Typical operating waveforms of the proposed converter shown in
Fig. 1: phase-shifted gating signals of modules 1 and 2; output voltages of the
three-phase inverter module-1 and module-2 with respective resonant currents;
the phase voltage waveforms at the secondary terminals of the boost transformer
of ny,:1 turns ratio for an arbitrary pulse-width ¢.

voltage waveforms allowing the antiparallel diodes to conduct
thereby achieving ZVS.

III. MODELING AND ANALYSIS

In this section, the modeling and analysis of the proposed
converter shown in Fig. 1 is presented. The overall modeling of
the converter involves modeling the boost section and modeling
only one of the two three-phase inverter modules as both the
modules are identical. Analysis of the LCL converter part shown
in Fig. 1 operating in fixed-frequency mode is done using an
approximate complex ac circuit analysis method [8], [21].

A. Assumptions

The following assumptions are made in the analysis:

1) all the switches, diodes, inductors, and capacitors are
ideal;

2) the effect of snubbers is neglected;

3) only fundamental components of voltages and currents are
considered while analyzing the LCL resonant converter
modules;
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Fig. 3.

Typical operating waveforms of the boost transformer—rectifier unit showing the boost transformer secondary-side voltages (v A s, UBBs, and vccg) and

the rectified boost voltage (v}, 05t ) along with the gating signals of modules 1 and 2 for: (a) § = 150° in Mode-1 (i.e., 180° > § > 120°); (b) 6 = 90° in Mode-2

(i.e., 120° > 6 > 60°); and (c) 6 = 30° in Mode-3 (i.e., 60° > ¢ > 0°).

4) the input and output voltages are assumed to be constant
without any ripple;

all the three phases are identical and balanced;

the leakage inductances of the three-phase transformers
are taken into account (either as part of resonant induc-
tors for 77 and T or for use in ZVS in boost section)
and the magnetizing inductances of the transformer are
considered part of the parallel inductors L’,;

7) Module-1 and Module-2 are identical.

5)
6)

B. Modeling and Analysis of the Three-Phase Boost
Transformer—Rectifier

The boost section in Fig. 1 comprising the 3-¢ boost trans-
former of turns ratio ny,:1 and the 3-¢ boost rectifier operates
in three different modes as the input voltage and the load are
varied from minimum voltage to maximum and from full-load
to the light-load, respectively. For this variation, the phase-shift
angle ¢ is reduced from 180° to the lower values in order to keep
the load voltage constant at its full-load value. As ¢ is reduced,
the operation of the boost transformer—rectifier unit changes
from mode-1 through mode-3 and is similar to phase-shifted
DAB [20].

Mode-1 (180° > ¢ > 120°; Uncontrolled mode): The typical
operating waveforms in this mode are shown in Fig. 3(a). The
rectified boost voltage waveform consists of a constant voltage
of value 24,5 /n,. Therefore

2Vius
ny

(For all 6 = 180° to 120°). (1)

V:boostfl =
Mode-2 (120° > § > 60°; Controlled mode): Typical operat-
ing waveforms in this mode are shown in Fig. 3(b). The rectified

boost voltage waveform consists of pulses of height 2V4,,5/n,
and V4,5 /n,, and Vi,o0s¢ can be derived as

3 V)us o °
Vioost_2 = ——255  (120° > 6 > 60°). )
™

np

A jXLS jXCS Ircc in,a
——"" L 7
1 Ls 1 Lp Lp
Vani JXLp §Ra°
N

Fig. 4. Phasor equivalent circuit used for analyzing the module-1 of the con-
verter shown in Fig. 1.

Mode-3 (60° > 6 > 0°; Controlled mode): The typical op-
erating waveforms in this mode are shown in Fig. 3(c). The
rectified boost voltage waveform consists of pulses of height
Vius/m, and zero. Therefore, V05t can be derived as
3 Vi)us

— 0

(60° > 6 > 0°).
™ Np

3

vaoostfii =

The widths of the pulses for modes 2 and 3 are the same as the
phase-shift angle § that can be controlled that in turn controls
Vhoost- The Vi, s applied across the 3-¢ inverter bridges is given
by:

%us = ‘/in + ‘/boost- (4)

Hence, for regulating the load voltage when the input voltage
and the load changes, the boost transformer—rectifier unit must
operate in modes 2 and 3 (i.e., J has to be reduced below 120°)
so that the V4,05t can be controlled to control V4,,¢ thereby
regulating the load voltage. The 3-¢ dc-dc converter modules
are designed for the chosen value of V4,5 corresponding to the
minimum input voltage V;, (min) in (4). Therefore, the boost
transformer is designed to give maximum Vj,,,s¢ such that (4)
is satisfied. The expression for the boost transformer turns ratio
(ny,:1) is derived by substituting for V4,04t from (1) in (4)

M
B Vbus - VI

For ZVS operation, the minimum inductance to be connected
in series with each phase of the primary windings of the ideal

&)

iy
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Fig. 7. Variation of peak inverter output current versus percent of full-load
current with output voltage held constant at full-load value: for ¥ = 1.1 and for
various values of full-load Q, (a) Ly /L, = 0.1 and (b) Ls /L, = 0.2; where
Q=wLs/ Ri is the full-load Q factor of the tank circuit, F' = ws/w, =
fs/ fx is the ratio of switching frequency to the resonant frequency.

three- phase boost transformer (L4, ) is obtained using the fol-
lowing expression [34] for the worst operating case of minimum
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ratio F (a) Ls /Ly, = 0.1; (b) Ly /L, = 0.2; (c) variation of converter gain
M (= V] /Viyus) with F for various values of full-load Q; and (d) variation of
initial tank current ir 5o (i.e., ir,s at wt = 0) and variation of phase-shift angle
o, as a function of percent of full-load current for full-load Q = 4 and F = 1.1.
Ly /L, = 0.1 for all the design curves.

input voltage and the lowest load

UpLy 2 > 1p(20, V2,0 (6)
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Fig.9. PSIM simulation waveforms of the voltage across inverter output terminals (vAp, VBc, vca ) and the current through phase A of the tank circuit (g4 )

for: (a) module-1 and (b) module-2, and (c) the phase voltages across the secondary terminals of the 3-phase boost transformer 75 (vA 125, VB 125, VC12s), and
the output voltage of the boost rectifier before filtering (vboost); for case-1: Vi, (min) = 50V, full-load, Ry, = 60,4 = 180°. Waveforms of (a)—(c) repeated:
(d)—(f) for case-2: Vi, (max) = 100V, full-load, Ry, = 602, 6 = 61°, (g)-(i) for case-3: Vi, (min) = 50 V, half-load, Ry, = 120 , 6 = 97°; and (j)—(1) Case-4:

Vin (max) = 100 V; half-load, Ry, = 120 Q; and § = 18°.

where [}, is the amplitude of phase current through the primary
windings of the three-phase boost transformer, C}, is the snubber
capacitance, and V},,4 is the bus voltage for the given operating
point.

C. Modeling of the Three-Phase Inverter Modules

The circuit diagram of module-1 extracted from Fig. 1 is
simplified by following the steps described in [21] and a phasor
equivalent circuit model as shown in Fig. 4 is obtained. Based

on this model, the steady-state analysis of the converter using
an approximate complex ac circuit analysis method is done and
is summarized in Appendix [21]. Typical operating waveforms
of the three-phase inverter modules are given in Fig. 2.

D. Calculation of Device Ratings

(i) MOSFET ratings: Various waveforms associated with
the switches Sy; of module-1 and Si» of module-2 for the
maximum phase-shift angle of 6 = 180° are given in Fig. 5(a).
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Fig. 10.  PSIM simulation waveforms of the voltage across switches (vpg ) and the respective current through the switches (ig ) to show ZVS of switches S1 — S3,
and Sy — Sg, (a) module-1, and (b) module-2 for case-1: Vi, (min) = 50V, full-load, Ry, = 60 ©, § = 180°). Waveforms of (a)-(b) repeated, (c)—(d) for case -

2: Vip (max) = 100V, full-load, Ry, = 60 2, § = 61°, and (e)—(f) for case - 5: Vi, (min) = 50 V, 20% of full-load, Ry, = 300 Q, § = 84°.

These waveforms are used in deriving the expressions for
the r.m.s and average values of the switch current and the
average value of the current in antiparallel diode of the

MOSFET. In the derivations, an approximated waveform of follows:

the boost transformer primary current (i,o) in phase A is
considered. Sample waveforms of these switches for the reduced

load in controlled mode-2 (i.e., 120° > § > 60°) are given in
Fig. 5(b). The expressions for different currents are derived [35]
by referring to the waveforms given in Fig. 5(a), and are as

1) the r.m.s value of the switch current, Igw (rms): eqn. (7)
shown at the bottom of the page.

us

— 20)

T sin2® sin (22
3 2 2

+ 25, Irgp (cos(b + cos (g _ (p))

(N
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2) the average value of the switch current, Iy (av)

Isw (av) = %{Ib ( — %) +lrsp <COS<I) + cos (g —

v))

®)

3) the average value of the anti-parallel diode current,
I (av)

IDM (av)

Ips
;—Wp (cos ® — cos <% — <I>)) O
4) the maximum voltage across the switch (MOSFET)

UDs (maX) = V:bus,max (10)

where Vijus,max 18 the rated V3, at full-load.

(ii) Diode ratings: The waveforms of the output voltage
(Uhoost) and the output current (ir¢) of the three-phase boost
rectifier are shown in Fig. 6. The average value of the output
current (i.e., the current through inductive filter, L¢) is derived
using the waveform of i, from Fig. 6. Following expressions
for the average current in the diodes of the boost rectifier and
the output rectifier are obtained.

1) Boostrectifier average diode current (each diode conducts

for 120°)

IDb = ILf (av) /3 (11)

where

ILf (aV> - (ILfmin + ILfmax)/2~ (12)

2) The maximum voltage across the boost rectifier diode
Vo, = 2Vbus/nb- (13)

3) Output rectifier average diode current (each diode con-
ducts for 120°, and each rectifier shares the load equally)

Ip, = IRL (av) / (3 X 2) (14)
where

IRL (av) = PO/V:). (15)

4) The maximum voltage across the output rectifier diodes

Voo = Vo (16)

IV. DESIGN

Based on the analysis presented in Section III, a fixed-
frequency ZVS integrated boost dual three-phase bridge dc—dc
LCL-type SRC with a capacitive output filter having the follow-
ing specifications is designed for illustration purpose. Input dc
voltage, Vi, = 50 V (min) to 100 V (max); output dc voltage,
Vi, =190V, output power, P, = 600 W; and inverter switching
frequency, fy = 100 kHz.

A. Design Tradeoffs

The main objective of the converter is to maintain constant
output voltage for variations in the input voltage and the loading
conditions. This is achieved by phase-shifting the gating signals
of module-2 with respect to that of module-1. The converter
is designed to operate in the worst operating condition of mini-
mum input voltage and the maximum load current/power. While
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Fig. 11.  Theoretical, simulation, and experimental efficiencies of the proposed

converter as a function of output power with: (a) Vi, (min) = 50 V for full-load
(600 W), half-load (300 W), and 20% of full-load (120 W) and (b) Vi, (max) =
100 V for full-load (600 W), and half-load (300 W).

designing the converter, zero-voltage switching is targeted by
designing the converter to operate in lagging pf mode so that the
turn-on losses are minimized. This is taken care by using F =
1.1 (which is above 1). Also, the converter is designed to have
peak switch currents to reduce as the load current is reduced
so that the light load efficiency is good. This is taken care by
choosing a proper value of full-load Q from the design curves.
The design is made to have lower kVA/KW rating of the tank
circuit. This is taken care by using both the lower value of the
inductor ratio Ly/L,, and by choosing F marginally above the
resonant condition (where the kVA/kW rating is the lowest) for
lagging pf operation. Design curves given in Figs. 7 and § are
used in selecting the optimum values of the design parameters.
The worst operating condition of minimum input voltage and
maximum output power is used for designing the converter, i.e.,
under such a condition the converter is operated with a maxi-
mum phase-shift of § = 7. The converter is designed to operate
in the lagging pf or above resonance mode of the tank circuit
can be ensured by confirming the negative sign of it 5o in (37).
This along with the phase of the boost transformer primary cur-
rent decides the ZVS operation of the switches. The variation
of peak resonant current “ir,s,” as a function of percent of load
current for different values of full-load Q is shown in Fig. 7(a)
and (b) for two inductor ratios with the frequency ratio F = 1.1.
It is observed from Fig. 7(a) and (b) that for decreasing Q, the
peak resonant current decreases proportionally with the load.
However, this decrease in peak current is not very drastic for Q
< 4. Also, for lower values of Q the peak resonant current tends
to increase at light load [e.g., O = 1 in Fig. 7(a) and (b)]. It is
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TABLE II
COMPARISON OF RESULTS FROM CALCULATIONS, SIMULATION, AND EXPERIMENT

Case-1: Vi, (min) = 50V, Case-2: Vi, (max)

Case-3: Vi, (min) = 50V,

Case-4: Vi, (max) = Case-5: Vi, (Min) = 50V,

Full load 100V, Full load half load 100 V, half load 20% load
Parameter Cal. Sim. Expt. Cal. Sim. Expt. Cal. Sim. Expt. Cal. Sim. Expt. Cal. Sim. Expt.
Vo (V) 190.00 186.21 179.00 190.00 187.65 178.00 190.00 184.50 178.00 190.00 186.10 176.00 190.00 186.66  176.00
I,(A) 3.15 3.11 3.01 3.15 3.12 2.98 1.57 1.53 1.50 1.57 1.55 1.50 0.63 0.62 0.60
Vhus (V) 150.00 150.12 155.00 150.00 151.10 151.00 110.92 109.13 123.00 110.92 110.10 120.00  97.22 9534 126.00
Vboost.Dc (V) 100.00  100.65 101.00  49.99 51.10 52.00 60.80 59.32 73.00 10.98 10.10 21.00 47.61 45.33 72.00
(%) 91.75 96.03 80.41 94.02 97.76 91.45 93.17 98.52 84.76 94.93 99.46 94.28 93.70 99.65 81.23
0(°) 180 180 174 60 61 57 99 97 108 18 18 34 88 84 102
Iy Mod-1 3.38 3.39 3.44 3.38 3.41 3.44 1.69 1.70 2.19 1.69 1.71 2.19 0.677 0.69 1.64
(Insr) (A) (239 (249 (229 (239 (249 (230) (1.19  (1.200  (1.41)  (1.19)  (1.24)  (1.43) (0.48) (049)  (1.03)
Mod-2 3.38 3.4 3.44 3.38 3.42 3.44 1.69 1.71 2.03 1.69 1.72 2.03 0.677 0.706 1.72
(239 (49 (227) (239 (237) (226) (1.19 (1.200 (1.26)  (1.19)  (1.24)  (1.35) (0.48)  (0.48)  (1.03)
Vosp Mod-1 35273 357.00 350.00 352.73 359.13 337.00 176.36 17630 200.00 176.36 177.84 219.00  70.65 70.87  119.00
(Vesry (V) (249.41)  (253) (247.00) (249.41) (254.10) (246.00) (124.71) (123.98) (139.00) (124.71) (125.68) (148.00) (49.95) (49.98) (83.00)
Mod-2 35273 357.00 337.00 352.73 359.60 344.00 176.36 17730 194.00 176.36 179.06  206.00  70.65 7276 119.00
(249.41) (253.00) (246.00) (249.41) (254.80) (244.00) (124.71) (126.34) (137.00) (124.71) (126.54) (139.00) (49.95) (51.27) (82.50)
Irab(p) Mod-1 11.96 124 - 11.96 12.37 - 11.96 12.15 - 11.96 12.29 - 11.96 12.29 -
(mA)
Mod-2 11.96 12.4 - 11.96 12.15 - 11.96 12.15 - 11.96 12.26 - 11.96 12.29 -
Note: All switches S-S are in ZVS for both modules for all the cases shown above.
TABLE III
POWER LOSS BREAK-DOWN OF THE CONVERTER
Inverter (MOSFET) Losses Rectifier Conduction
Losses (W)
Case Turn-off Conduction Diode Output Boost Transformer + Q Loss Total Losses Efficiency
(W) (W) (W) (W) (Assumed 1%) W) (%)
Case-1: Vi, = 50V, Full-load 3.12 12.21 2.64 7.89 16.08 12 53.94 91.75
Case-2: Vi, = 100V, Full-load 1.53 6.03 2.64 7.89 8.04 12 38.13 94.02
Case-3: Vi, = 50V, Half-load 0.60 3.20 0.20 3.94 8.04 6 21.98 93.17
Case-4: Vi, = 100 V, Half-load 0.26 1.60 0.20 3.94 4.02 6 16.02 94.93
Case-5: Vi, = 50V, 20% load 0.07 0.51 0.30 1.57 3.21 2.4 8.06 93.70

also observed from Fig. 8(a) and (b) that for increasing Q, the
kVA/kW rating of the tank circuit increases. Hence, Q = 4 is
chosen as a reasonable compromise. In Figs. 8(a) and (b), it can
be seen that the kVA/KW rating of the tank circuit is minimum
for F = 1. However, to give a margin for the current to lag in or-
der to achieve ZVS, a minimum value of /' = 1.1 is chosen. For
the chosen values of Q =4 and F = 1.1, it can be observed from
Fig. 8(a) and (b) that the kVA/KW rating of the tank circuit is
lower for lower value of the inductor ratio. Hence, the inductor
ratio of LS/Lp = 0.1 is chosen. From Fig. 8(d), it can be seen
that for the chosen optimum values of Q, F, and Ly/L,,, the sign
of i is negative for the entire load variation, this indicates lag-
ging pf operation of the tank circuit. The criterion for choosing
Vius s that Vi,us > Vi, (min) (5). The upper limit on V4, can
be decided based on the available voltage ratings of the switch-
ing devices. Based on this criterion, V;,,s = 150 V was chosen.
This value is used in the design along with Vi, (min) = 50 V. For
full-load, as V;, is varied from minimum to maximum, while
regulating V,,, the V},,s remains constant at the chosen value of

150 V. However, when the load is changed, V},,s happens to
go below 150 V to keep V,, constant. Since the objective of the
converter is to keep V, constant, the fall in the intermediary V4,
when the load is changed is insignificant. From Fig. 8(c), for the
chosenvaluesof F=1.1,0=4,and Ly /L, = 0.1, the converter
gain M = 0.6186 p.u. The output voltage when reflected on pri-
mary side of the HF transformer is V] = 92.79 V. Therefore,
the HF transformer turns ratio, n; = 2.0476. Ry, = V?,/(P,/2)
= 120.33 ). Since each module equally shares the load, the
power output is taken as P, /2 = 300 W. The load resistance
referred to primary side, R; = 28.7 Q. Tank circuit elements
Lg and Cg are obtained by solving (26) as: Ly = 200.98 uH
and Cy = 15.25 nF. Since Ly/L, = 0.1, L, = 2.1 mH on the
primary side. Therefore, the actual value of L;), connected in
each phase on the secondary side of three-phase HF transformer
is Lj, = n? L, = 8.4264 mH. The equivalent impedance using
(27)—(32) is Zap = 17.45 4+ j22.16 Q, | Zap| = 28.21 Q, and
¢ = 51.78°. The peak current through the tank circuit elements
L and C using (34) is Ir,s, = 3.38 A. The peak voltage across



1016 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 2, FEBRUARY 2018
Vo (IL1+IL2)*50 Vo 1o 1(S12)
200 187 Full-lc}\ad s ‘ .
Full-load Vo 186.9 2 Y
150 /J\ b ‘ .
10*50 186.8 0 1(S22)
100 186.7 5 ‘ i
56 \ 20% of full-load . YV
50 20% of full-load ' 1o
186.5 10 1532
0 —— s
186.4 _Q}J}J[JHHfV”VVVVV,VVV
0.18 0.2 0.22 0.24 0.26 0.18 021 0.24 0.27 03 -10
Time (S) Time (S) 0.19995 0,20(_)r?‘1]§ © 0.200074
(a) (b) ©
1(S42) 4 I(Lsa2) 4 I(Lsal)
10 ANARNAR
s [ . ! 2 AMAARAD 2 INAAAANAAARAAAAAS
o 0 HHHHUUHH/ \ VNN HH\\IH\HH\U\JVV
5 / 1 | :i vy = vV vvivyyv
" 1(S52) I(Lsb2) B I(Lsb1)
10 4 A A A AN s [AAAAANANANRA A
s |- : | 2 N ANANANANANA FAWANAHAWAWAN . WPN
o HARRPARAA~AAAAAA! S IV VVVY
° S MUY YYYYYYTYYYY YNy 2 VVVV VUV VYV
N T i 4 VVVVV VUV -4
10 N I(Lscl)
Lo lso2) g s C CARAAAAANADA
s f] + | i T ; g I FANAN AWANAW. WAWAWAWAWAWA W, WNPN
) ; o IYRYRYAIRTRTATRYRIEYRYATE S
-5 -4 4 VVVVVVVV VYUYV
10 Tov0s 0200012 300074 0.19995 ~0.200012 0.200074 0.19995 0.200012 0.200074
Time (s) Time (s) Time (s)
(d) (e ®
Fig. 12.  Simulation waveforms with V;,, (min) = 50 V for step changes in load current from full-load (Rr, = 60 2, 6 = 180°) to 20% of full-load (Ry, =

300 2, 6 = 84°) at t = 0.2 sec: (a) output voltage (v, ), and the load current (3, );

(b) expanded waveform of output voltage; (c) switch currents (i1, 952, is3) of

module-2; (d) switch currents (is4, is5, is¢) of module-2; (e) resonant tank currents (ir,sa, ish» iLsc) in phases A, B, and C of module-2;, and (f) resonant tank

currents (ir,sa, 9Lsh» ¢Lsc) in phases A, B, and C of module-1.
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Fig. 13.  Experimental waveforms of the voltage across inverter output terminals (vAp, vBc, vc A, 150 V/div.) and current through phase A of the tank circuit

(iLsa, 2.5 A/div.) for: (a) case-1: Vi, (min) = 50 V, full-load, Ry, = 60 €, §

= 174°; (b) case-2: Vi, (max) = 100 V, full-load, Ry, = 60 2, 6 = 57°; and

(c) case-5: Viy (min) = 50V, 20% of full-load, Ry, = 300 €2, 6 = 84°: (i) module-1, and (ii) module-2. Time scale: 2 ps/div.

C; using (35), Vegp = 352.73 V. The peak current through Wye
connected parallel inductors L;, on secondary side is I, , =
20.71 mA. If the parallel inductors are connected in A, then the
peak current through the A connected inductors L.y, Lyc, Lea
(on secondary side) is I1,a1,, = 11.96 mA. The value of the ini-
tial tank current using (37), i.e., 11,50 = —2.655 A. The negative
sign of i14o indicates that the tank circuit is operating in lagging

pf mode. The boost transformer turns ratio using (5) is n, = 3.
The per-phase inductance in the primary windings of the three-
phase boost transformer calculated using (6) is 4.95 ©H. The Ly
and C filter components of the three-phase boost rectifier deter-
mined are [35]: Ly =4.83 puH and Cy = 0.474 uF. A snubber ca-
pacitance of C,, = 443.33 pF was calculated. The calculated de-
vice ratings are [35]: MOSFET: Iy, (rms) = 3.83 A, Iy (av) =
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Experimental waveforms of the voltage across inverter output terminals (vA B, v, vca, 150 V/div.) and current through phase A of the tank circuit

(iLsa > 2.5 A/div.) for: (a) case-3: Viy (min) = 50 V, half-load, Ry, = 120 €, 6 = 108°; (b) case-4:Vi, (max) = 100 V, half-load, Ry, = 120 Q, 6 = 34°:

(i) module-1, and (ii) module-2. Time scale: 2 ps/div.

2.2 A, Vps(max) = 150V, and Ipy(av) = 0.2 A; Boost recti-
fier diodes: Ipy, (av) = 4.515 A and Vpy, (max) = 100 V.

V. SIMULATION RESULTS
A. Steady-State Conditions

Detailed PSIM simulation of the converter designed in
Section IV is carried out to verify its performance under
steady-state conditions. The following five different cases have
been considered for thorough validation of theoretical results
[35]. Case-1: V;, (min) = 50 V, full-load; Case-2: Vi, (max) =
100 V, full-load; Case-3: Vi, (min) = 50 V, half-load; Case-4:
Vin (max) = 100V, half-load; Case-5: Vi, (min) =50V, 20% of
full-load. The simulation waveforms of cases 1—4 are presented
in Figs. 9 and 10. It can be observed from simulation results that
all the switches in both modules 1 and 2 operate with ZVS for
the entire input voltage variation from Vj, (min) to Vi, (max)
and for the load variation from full-load to 20% of full-load (see
Fig. 10). The per-phase peak inverter output current decreases
from approximately: 1) Module-1: 3.41 A at V;, (max) =100V,
full-load [see Fig. 9(d)] to 0.689 A at V;, (min) = 50V, 20% of
full-load, 2) Module-2: 3.42 A at Vi, (max) = 100 V, full-load
[see Fig. 9(e)] to 0.706 A at Vi, (min) = 50 V, 20% of full-load.
The peak values of the switch currents reduce as the load is
reduced. For Module-1: the peak switch current decreases ap-
proximately from 9.033 A at Vj,(min) = 50 V, full-load [see
Fig. 10(a)] to 2.39 A at Vi, (min) = 50 V, 20% of full-load [see
Fig. 10(c)]. For Module-2: the peak switch current decreases
approximately from 9.038 A at V;, (min) = 50V, full-load [see
Fig. 10(a)] to 2.06 A at V;,(min) = 50 V, 20% of full-load [see
Fig. 10(c)]. It is worth noting here that the peak inverter output

currents reduce with the load. A comparison of results obtained
from calculations, simulations, and from the experiment is pre-
sented in Table II. The results of power loss breakdown analysis
of the converter are presented in Table III. Variation of converter
efficiency from calculations, simulations, and from experiment
is shown in Fig. 11. While comparing the results presented in
Table II and in Fig. 11, it is to be noted that in the simulation
circuit Rpg = 69 mf2 was set for the MOSFETSs while all other
elements remained ideal. Hence, the efficiency values obtained
from simulations are higher than that from the calculations and
experiments.

B. Simulation for Step-Changes in Load

The ability of the converter to maintain constant output volt-
age under transient loading conditions has been simulated using
PSIM software. The step change in load from full-load to half-
load and then to 20% of full-load was created by operating a load
control switch. The phase-shifted gating signals with appropri-
ate phase-shift angle (§) as given in Table II for corresponding
step-changes in load were applied to MOSFETSs of module-2.
Some of the important sample waveforms obtained through sim-
ulations for the step changes in load current from full-load to
20% of full-load (step change given at t = 0.2 s, after the steady-
state operation at full-load) are presented in Fig. 12. It is ob-
served from Fig. 12(a) and (b) that there is a smooth transition
of the output voltage during the step-change in the load while
maintaining the output voltage constant at the full-load value. It
is also observed from Fig. 12(c) and (d) that the current through
the switches does not spike up during the sudden changes in
the loading conditions. From Fig. 12(e) and (f) it can be seen
that the resonant tank current remains sinusoidal throughout the
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Fig. 15.

Experimental waveforms of the voltage across switches (vpg, 150 V/div.) and the gating signals (v g, 20 V/div.) for respective switches of same leg to

demonstrate ZVS for: case-1: Vi, (min) = 50V, full-load, Ry, = 60 Q, 6 = 174°: (a)—(c) module-1, and (d)—(f) module-2, case-2: Vj, (max) = 100V, full-load,
Ry, =609, 6 = 57°: (g)—(i) module-1, and (j)—(1) module-2. Time scale: 500 ns/div.

loading conditions. It is also worth noting that all the switches
in both the modules remain in ZVS for sudden changes in the
loading conditions, e.g., Fig. 12(c) and (d).

VI. EXPERIMENTAL RESULTS

Experimental model of the converter designed in Section IV
was built in the laboratory. Rigorous testing of the built con-
verter has been done to verify theoretical predictions in terms
of operation and performance by testing the converter for five
different cases as mentioned in Section V. Each three-phase
HF transformer was built by using two El-type cores (PC40 EI
60-z). The per-phase leakage (L;) and the magnetizing (Ly,)

inductances referred to the primary side of the built transform-
ers measured were: 1) Boost transformer: L; = 5.0 pH and
L, = 170 uH; 2) Main transformers, 77: I; = 1.0 4H and
L, =45.83 uH,and T»:L; = 1.4 yuH, and L,,, = 35.46 ;/H. The
turns ratio of the three-phase boost transformer was reduced to
11:4 instead of 12:4 to compensate for the voltage drop due to
leakage inductance. No external L;, was used as L,, was less
than L,,. A snubber capacitance of 220 pF was connected exter-
nally in addition to the MOSFETSs output capacitance of 265 pF.
The resonant inductors (built using Iron powder toroidal cores,
approximately 200 pH per phase) and the capacitors (WIMA
MKP10 Polypropylene film, 16.5 nF per phase) for both mod-
ules were used in the laboratory. The switching frequency was
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Fig. 16. Experimental waveforms of the voltage across switches (vpg, 150 V/div.) and the gating signals (vgs, 20 V/div.) for respective switches of same leg
to demonstrate ZVS for: case-3: Vi, (min) = 50 V, half-load, Ry, = 120 ©Q, 6 = 108°: (a)-(c) module-1, and (d)—(f) module-2, case-4: Vi, (max) = 100 V,
half-load, Ry, = 120 Q, § = 34°: (g)-(i) module-1, and (j)—(1) module-2, case-5: Vi, (min) = 50 V, 20% of full-load, Ry, = 300 2, & = 84°: (m)—(0) Module-1,
and (p)—(r) Module-2, Time scale: 500ns/div.

reduced to 95 kHz to compensate for the difference in the built ~waveforms of all the five cases are presented in Figs. 13 to
tank circuit elements from the designed values. Gating sig- 17. Following observations are made from the experimental re-
nals were generated by XILINX Spartan-3E FPGA board using  sults [35]: 1) In Figs. 15 and 16, the waveforms of gating signals
VHDL code. Following devices were used in the experiment: and the voltage across switch for respective switches of same
MOSFET (IRFB4137), output rectifier diodes (MUR460), leg are displayed to confirm ZVS operation of the switches.
and boost rectifier diodes (60CPQ150). The experimental It is found that all the switches in both modules turn-on with



1020

RIOOL s el 4 e
0 Saa)
). P e N1
AA p— ]
ety 4 tboostA " | . JL
fr— | —
—_— S|
=A + VBBp » ¥ . ’
o P
a1 veep
g pp—— — e — -
1 ] a “ —
(@
RicoL e o 188
I L] =)
] — |
VAAp /k-..lb"OS‘A A P

A T - - -
()
e A LTl R — ; i
]
el
- AA 00StA /\/\ g
! s, i
- I
- —— — - —_— .
o VBBP_JE— e
F e———en
o » a -~
(e)
RIGOL - - [0 I L
' i
I VAAp Ta\v_l;boostA -K'\-. -.-.- |
" o W
W~ e~ e~ H
- -
fa—
]
= YBBp L -8
Vcep
1 L El b a -
(&
RIGOL . . - [— e—— ) Iy I
I 1 . L

v o 1 o
ot A g POOSA LA Dy A

__:2 - . : — o | g
R SR | = = H
VBBEE— i

- VCCD e

&l - ] a -

@

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 2, FEBRUARY 2018

—_— —,
W =~ .~

- Vboost

1’AAS = ™ -
. —— —hq..-—F— —hu.‘__P-f
| VBBs ™= =
— ._u_‘_.._,_ M
- VES_,__ J—

[ b —— ———

L B R R ]
)

o ¢ "
Vboost

Ll Em el a -

(d)

l -"-v-}{:‘:_A_a-J-" - -

s 1

bl b CClpiied - it
(e e G e M e e e O e e e
PP PRI TR D 0 B N L ey

Vboost

0}

Fig. 17.  Experimental waveforms of the 3-¢ boost transformer, 73 : (a) phase voltages across the primary windings (vA A, YBBp> VcCp, 150 V/div.) and the
current through phase A (i 05t 4 ); (b) phase voltages across the secondary terminals (v A5, UBBs, Uc cs. 100 V/div.) and the boost rectifier output voltage before
filtering (vpoost, 100 V/div.) for case-1: Vm(min> = 50V, full-load, Ry, = 60 Q, 6 = 174°. Waveforms of (a)-(b) repeated, (c)—(d) for case-2: Vi, (max) =
100V, full-load, Ry, = 60 Q, § = 57°; (e)—(f) for case-3: Vi, (min) = 50 V, half-load, Ry, = 120 €2, § = 108°; (g)—(h) for case-4: Vi, (max) = 100 V, half-load,
Ry, =120 Q, 6 = 34°; and (i)—(j) for case-5: Vi, (min) = 50 V, 20% of full-load, Ry, = 300 €2, § = 84°. Time scale: 2 us/div.

ZVS for the entire input voltage range and the load variation
from full-load to 20% of full-load (see Figs. 15 and 16). It can
also be verified that the resonant current through phase-A (see
Figs. 13 and 14) and the boost transformer primary current in
phase-A (see Fig. 17) lag the respective voltages to confirm

the lagging pf operation of the converter as designed in Sec-
tion IV by choosing F' = 1.1; 2) peak resonant current decreases
as the load is reduced. For example, for both modules from
3.44 A in case-1[see Fig. 13(a)(i-ii)] to 1.64 A in case-5 [see
Fig. 13(c)(i—ii)]; 3) boost transformer primary current lags the
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voltage across it [see Fig. 17(a), (c), (e), (g), and (i)]; 4) output
voltage of the boost rectifier vy ,,5; follows the theoretical pre-
dictions in [see Fig. 17 (b), (d), (), (h), and (j)]. In Fig. 17(b)
for case-1 (Vi, =50V, full-load, § = 174°), vy,40st remains ap-
proximately constant at 2V4,,s /0, confirming the operation in
mode-1. For case-5 (V;, =50V, half-load, § = 108°), the v},0st
comprises of pulses of heights approximately equal to 2V}, /1,
and Vi,us /1y, [see Fig. 17(f) and (j)], confirming the operation
in mode-2 [35]. For case-2 (V;, = 100 V, full-load, § = 57°),
the 1,005t comprises of pulses of heights approximately equal
to Vous /nb and zero [see Fig. 17(d) and (h))], confirming the
operation in mode-3 [35].

VII. CONCLUSION

A three-phase fixed-frequency controlled integrated boost
dual three-phase bridge dc—dc LCL-type SRC for medium to
large power applications has been proposed. The operation and
analysis of the proposed converter is done in two parts: 1) The
boost transformer and rectifier section has been modeled in de-
tail and the operation in different modes is explained. 2) The
LCL converter section has been analyzed using the known ap-
proximate complex ac circuit analysis method and used in the
design. Various design curves are drawn and used in selecting
the optimum design parameters. PSIM simulation for verify-
ing the performance of the proposed converter has been carried
out for the variations in the input voltage and the load. The
theoretical and simulation results are verified by building an
experimental model of the converter. The proposed converter
maintains ZVS for all the switches for wide variations in input
voltage and load that will be useful in alternate energy applica-
tions. The specifications of the prototype were chosen only as
an example to illustrate the design procedure of the proposed
converter and also to build the experiment converter in the lab.
The input voltage of 50-100-V dc (1:2 variations) is considered
as the voltage obtained from distributed generation (e.g., sea
wave energy, photovoltaics, wind energy, etc.) in general. How-
ever, the converter can be designed typically to higher input dc
voltages in the ratio 1:2 depending on the ratings of the dc bus
supplying the inverter modules and that of the available switch-
ing devices. With the recent availability of SiC MOSFETs, the
proposed converter can be designed for still higher input volt-
ages varying in the ratio of 1:2 while higher efficiency can be
achieved. The effect of thermal distribution on the performance
of the converter, the small signal analysis and detailed transient
response needs to be studied.

APPENDIX

The expression for the equivalent resistance R,. shown in
Fig. 4, which replaces the rectifier-filter-load block of module-1
in Fig. 1 after referring to primary side, is obtained by following
the steps givenin [21]. V4,1 is the rms value of the fundamental
component of the square—wave voltage across inductor L;,, and
Ticct_in.a 18 the rms value of the sinusoidal current input to the
rectifier, as indicated in the phasor equivalent circuit of Fig. 4.

1021

Some of the important expressions are as follows:
(v
(r/3v2) 1.

The equivalent resistance RR.. to replace the rectifier-filter-
load block is obtained using (17) and (18) as

Rac = VLpl/Irectfin.,a = (6/7T2) Ri

Vipt = (17)

(18)

Ire(:t,in.,a =

(19)

where,

R, = Ry /n? (20)

i.e., the load resistance referred to primary side of the trans-
former of (n;:1) turns ratio.

Al.1 Analysis—Derivation of converter gain (M), and Com-
ponent stresses:

Based on the phasor equivalent circuit shown in Fig. 4, the
r.m.s. value of the fundamental component of the per-phase out-
put voltage of the inverter across terminals AN can be expressed
as

Vit = (V2/7) Vius: 1)
From (17) and (18),
|\7Lpl/\7ANl | = (Vlo/vbus) . (22)
Referring to Fig. 4, the following can be obtained:
i 1
L : : . (23)
P (e e ) () + (5]
Further simplification of (23) results in:
|VLp1/VAN1’
1
= T (24)
2 21772
L, T2Q
{1+ 0-2) + {Z2r-pY]
Therefore from (22) and (24), the converter gain
VZ/‘/bus =M
1
L 1 2 T2Q 1 2 /2
|:{1+L; (1—W)} +{ 5 (F—f)} }
where
Q = WILS/R/L;F = Ws/wr = fs/fr; Wy = 27Tfs
wy = 2mfy = 1/7/LsCs (26)

fs = switching frequency, f; = resonant frequency, both in hertz.
The equivalent impedance Zx across AN in Fig. 4 is given
by

Zan = Ran +7 Xax 27

| Zax| = [Rix + Xix]"” (28)
1 [ Xan

& = tan ! < - ) 29

Rn (29)
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where
R,.X?
Nl e 30
AN (R§C+X2LP> ( )
R Xy
XaN = Xis + Xcs —act P 31
AN ( Ls T Cs)"’ R§C+Xgp (€29)]
Xis = wsls; X1p = wslyy; Xos = _1/ ( wscs)- (32)

The expression for current through phase A of the resonant
circuit (i.e., the inverter output current in phase-A) is

irs = Insp sin (wt — @). (33)

The peak inverter output current/peak current through tank
circuit elements L and Cj in phase A, peak voltage across the
capacitor Cy, and the peak current through the parallel inductor
L, (on primary side) are given by

Iisp = Vani (peak) / [ Zan| (34)
VCSp = ILsp XCS (35)
ILpp = ILa’Np = VLa’Np/XLa’N = VLa’N (Peak) / (XLpQ36)

The value of the initial inverter output current iy, (referring
to Fig. 2, i.e., i,s at wt = 0 in (33)) is given by

(1

(2]

[3]

[4]

(5]

(6]
(71

[8]

[9]

[10]

[11]

iLso = Ingp sin (—®). (37)
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