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A Soft-Switched High-Freguency Link Single-Stage
Three-Phase Inverter for Grid Integration of
Utility Scale Renewables

Anirban Pal |, Sudent Member, |EEE, and Kaushik Basu, Senior Member, |EEE

Abstract A novel single-stage high-frequency link three-phase
(3 ) inverter along with a modulation strategy is presented in
this paper. The topology is targeted for grid integration of util-
ity scale renewable and alternative energy sources like solar, fuel
cell, and wind, where the power ow is unidirectional (from dc
to ac). The primary side converter has a 3 voltage source in-
verter (VSI) structure along with an additional half-bridge leg.
Sinusoidal pulsewidth modulation isimplemented in the primary
side converter. The three legs of the primary side VSI are zero
voltage switched (ZVS) for most part of the line cycle. The addi-
tional half bridgelegisZVSover thecompletelinecycle. Theactive
switches in secondary side converter are line frequency switched
and thusresultsin negligible switching loss. The converter switch-
ing process is described in detail to show the soft-switching of the
primary side converter using the device capacitances and leakage
inductances of the high-frequency transformers (HFTs). TheHFT
galvanicisolation resultsin high power density. A 4-kW labor atory
scalehardwar eprototypeisbuilt and tested with the proposed mod-
ulation strategy. The experimental results are presented to verify
the converter operation.

Index Terms Dc ac converter, high-frequency link (HFL), line
frequency unfolding, pulsewidth modulation (PWM), single-stage,
zero-voltage-switching (ZVS).

I. INTRODUCTION

ITH the depletion of fossil fuel reserve and the present

global warming scenario, power utilities al over the
world are focusing on renewable and aternative energy source
based power generation. In 2016 globally, total installed renew-
able power capacity is 921 GW, out of which 303 GW is solar
capacity and wind power is 487 GW [1]. Commercially avail-
able power electronic converters to integrate utility scale (few
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Fig.1. State-of-the-art grid integration of (a) PV system and (b) wind energy.

(c) Multi-Stage HFL dc ac topology. (d) Single-Stage RHFL topology.

hundreds of kW to few MW) renewable energy systems to ac
transmission grid [see Fig. 1(a) and (b)] use athree-phase (3 )
voltage source inverter (VSI) in case of photovoltaic (PV) [2],
[3] or back to back connected 3 VSlsin case of wind [4], [5].
The VSI output is connected to the LVAC (440 480 V) grid
through line Itersand a3 line frequency transformer (LFT).
Beside the voltage matching, the LFT ensures safety by pro-
viding galvanic isolation [6], avoiding dc current injection into
the grid [ 7] and also helps to reduce leakage current to conform
with the PV system standards such as VDE 0126-1-1 [8]. The
LFTs are heavy, bulky, and expensive.

High-frequency link (HFL) based isolated converter topolo-
gies as an dternative solution to LFT-based state-of-the-art
converters have been studied extensively in recent years. The
high-frequency transformer (HFT) based solution comes with
some attractive featureslike high power density, small and com-
pact footprint, and low system cost. Most popular HFL -based
solutionsare thetwo-stage HFL dc ac converter topologies[9]
[13]. Inthesetopologies, anisolated dc dc stageis connected to
aV Sl throughadcbuscapacitor [seeFig. 1(c)]. Theintermediate
dc busisvoltage stiff. The VSl ishigh-frequency hard-switched
and the dc electrolytic capacitor has long-term reliability issue
[14]. The VSI can be soft-switched by employing additional
switches and resonating inductors and capacitors in the dc link.
The resonant dc link concept was  rst introduced in [15] where
an LC network isused to produce oscillatory dc link voltage and
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the inverter is switched when the dc-link voltage becomes zero.
Theinverter switches suffer from high voltage stress (2 3 times
input dc voltage) and discrete pulse modulation (sigma delta)
strategy produces signi cant undesirable sub-harmonics at the
output [15], [16]. In quasi-resonant dc-link inverter (QRDCLI),
the resonating circuit comes in operation only during the
switching transitions of the inverter to make the link voltage
zero. The rst QRDCLI topology was proposed in [17], where
the resonating circuit has four active switches. Subsequent
works [18] [22], tried to address the problem of high voltage
and current stress experienced by the additional switchesin the
resonant cell and to reduce the number of the active devices.
Cho et al. [19], [20], [23] reduced the frequency of the opera-
tions of the resonant cell, by reducing the number of switching
transitions through modi cation of the pulsewidth modulation
(PWM) strategies of the inverter. This approach usually results
in low quality output voltage waveform when compared with
standard conventional space vector PWM. In general, the QRD-
CLI uses at least one active switch in series with the dc voltage
source to disconnect the supply during resonant operation. The
rms and peak current rating of this switch issigni cantly high
compared to the inverter switches. Though soft-switched, this
switch contributes signi cantly to the conduction loss (CL).
This restricts the use of QRDCLI in high power application.
Additionally, control complexity and high current stress of
resonant circuit are two major limitations of QRDCLI.
Inliterature, single-stage recti er type HFL dc ac converters
(RHFL) are widely discussed where inter-stage dc capacitor is
removed [see Fig. 1(d)] and the dc busis pulsating [24] [27].
In applications like grid integration of PV, fuel cell, and
PM SG-based wind generation, the power ow is unidirectional
(from sourceto grid) [28]. Several unidirectional RHFL topolo-
gies have been proposed in literature [14], [29] [32]. In these
topologies, uncontrolled diodes are used in the high frequency
recti er (HFR) [seeFig. 1(d)]. In[14],[29] [31], ahybrid mod-
ulation strategy isused, which resultsin high-frequency switch-
ing of the ac side converter (ASC) over only one-third of theline
cycle, resultinginsigni  cant reduction of switchingloss(SL) in
ASC. In [32], the ASC is completely line frequency switched.
The dc side converter (DSC) with six half-bridge legs are soft-
switched only for some part of the line cycle. The converter
supports only UPF operation.
In this paper, a novel topology is proposed where the DSC
hasa3 VSl structure connected to the dc source Vg, along with
one additional half bridge leg as shown in Fig. 2(a). The HFR
has three diode bridges and the ASC has three half-bridge legs.
The proposed topology with suggested modulation scheme has
following features.
1) Sinusoida PWM isimplemented in DSC.
2) The modulation strategy results in high-quality out-
put waveform along with active power transfer at
UPF.

3) TheDSClegS: S;iszerovoltageswitched (ZVS) over
a complete line cycle where as other three legs are ZVS
for most part of aline cycle.

4) The ASC half-bridge legs are line frequency switched

resulting in negligible SLs.
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5) Thehigh-frequency galvanicisolation provides acompact

high power density converter solution.

A part of thiswork was presented in [33].

The paper is organized as follows. Section |1 describes the
modulation strategy of the converter. In Section 111, the con-
verter switching processis described in detail. Experimental re-
sultsare presented in Section |V to validate the theoretical anal-
ysis. The converter power loss and ef ciency are presented in
Section V. Section V| presents adetailed comparison with other
topologies.

I1. CIRCUIT CONFIGURATION AND MODULATION TECHNIQUE

The proposed topology is shown in Fig. 2(a). The primary
side of the converter hasatwo-level 3 VSl structure connected
to the dc source V4. aong with one additional half-bridge leg
(S1 Sy). For each phase, athreewinding HFT with turnsratio
(n:1:1)isemployed. The primary windings of the3 HFTs
are star connected and the neutral point (N) is connected to
thepoleof legS; S;. In each phase, the staring end of one
secondary winding is connected to the nishing end of the other
identical secondary winding. All these points are connected to
form a common point (n¢). In the secondary side, each phase
of the converter has a diode bridge along with a half-bridge
leg. The converter is connected to abalanced 3  voltage source
(Vangs Vbng» Ve n,) With angular frequency , = = and peak
Vgok through  Iter inductors (L¢). All the active switches can
be realized with IGBT or MOSFET with a body diode. In the
following discussion, IGBTsareconsidered for implementation.
The directions of the currents shown in Fig. 2(a) are considered
to be positive in rest of the paper.

To generate balanced adjustable magnitude 3 ac from the
input dc, the modulation signals(mrj ) aregivenin (1), wherem

is the modulation index and is a positive fraction. j  {a, b, c}
andM, =0,My =+1landM; = 1
. 2
m,, =m sin 0t+Mj? . (D]

Due to presence of diode bridge, the instantaneous power ow
is unidirectional (from dc to ac). The carrier frequency aver-
age of the synthesized pole voltages (Vjn, ) should be in phase
with the fundamental component of line currents (iap.c) [See
Fig. 2(a)]. So, the referencesignals(mrj ) arein phase with fun-
damental component of the line currents, i;. The moduleation is
implemented in the primary-side converter. The eight switches
in the DSC are modulated following the principle of phase-
shifted full-bridge (PSFB) dc dc converter. A high-frequency
square wave signal F with time period Ts and duty ratio 0.5
is considered, see Fig. 2(b). Ts is aso the period of the HFT

ux balance cycle. A unipolar saw-tooth carrier with a unity
peak and period of TTS is considered and is aligned with F.
Each half-bridge leg in the primary is complementary switched
with 50% duty ratio. F is used asthe gating pulse (Gs, ) of S;.
The gating pulses (Gs, , ) of the top switches of each VSI leg,
Sx1 (X {A,B,C}) aretime shifted with respect to S;. For
example, Gs,,, is time delayed by ™3> with respect to Gs,
or F, Fig. 2(b). So, asine PWM quasi-square wave with levels
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Fig. 2.

—Vq and zero and period Ts is applied across the transformer
primary [seevan inFig. 2(b)]. Thehigh-frequency quasi-square
wave isrecti ed by the secondary diode bridges Dj; 4. When
ij >0, Qj1 isturned oN and the high-frequency recti cation
happens with the top diodes Dj1, Djs. Qj2, Dj2,4 take part in
conduction when i; < 0. So, Qj1 and Qj, are switched at line
frequency (%) in complementary fashion, see Fig. 2(c). This
results in generation of unipolar sine PWM pole voltages vjn,
with voltage levels 0 and —(¥) with respect to N [See Vap, in
Fig. 2(c)]. The average 3 pole voltages with respect to HFT
secondary neutral n¢ are given by

mMVye . 2
ant = ndC Sin 0t+ Mj? . (2)
For a desired average pole voltage peak, Vyi, the modulation
index m = ("\)’T"k). Asthe ac ports are connected to a balanced

3 systemwith® oating neutral (ng), the average pole voltages
Vjn, areequal to output voltages Vjn, -

IIl. CONVERTER SWITCHING PROCESS

In this section, the circuit operation of the converter is dis-
cussed in detail over one switching cycle (Ts). The presented
analysis shows that the half-bridge leg S; S, is completely
soft-switched and each of the legs of the VSI, Sx1 Sxo
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(a) Proposed 3 HFL dc ac converter. Modulation strategy of the converter shown (b) over a switching cycle, and (c) over aline cycle.

(X {A,B,C}), is soft-switched for most part of the line
cycle with the help of device parasitic capacitances (Cs) and
transformer leakage and additional seriesinductance (L k). The
secondary sideactiveswitch pairsQj:  Qj» arelinefrequency
switched incurring negligible SL. For ease of analysis, slowly
varying line currents i, ¢ are considered as constant current
sources with magnitude 1, ¢ over a switching cycle Ts. The
switching process of the converter is described when i; = I,
and iy, =1y butic = I, and I > I, > I,,. In other regions
similar switching process will be followed. Switching wave-
forms over T are shown in Fig. 3. The circuit dynamicsin one
half of the switching cycle(Ts) isdivided intoten modes (1 10),
other half evolvesin an identical fashion.

A Model(tp <t<tp)

In thismode in the primary side converter, S; and Sx, (X
{A, B, C}) are conducting (see Fig. 4). The equivalent circuit
is shown in Fig. 5(a). Negative voltage V. is applied across
HFT primary terminals AN, BN, and CN. The HFT primary
currents, ipj = 'FJ where (j {a,b,c}) as shown in Fig. 3.
The voltage polarity and direction of currents indicate active
power ow from dc to ac side in al three phases (all three
phases are in active state). In secondary Dgs, Qa1; Dbz, Qn:
and D¢, Q.. are conducting.
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Fig. 4. Simpli edcircuit diagraminMode 1 (tp < t < t; inFig. 3).

Fig.5. (a) Equivalentcircuit diagraminMode 1. (b) Equivalent circuit diagram
in Mode 2.
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HFT

Fig. 7. Simpli edcircuit diagramin Mode 3 (t; < t < t3 in Fig. 3).

B. Mode2 (t; <t < t,)

At t;, Sg» isturned OFF (see Fig. 6). Active to zero state
transition of phase b starts at t;. Due to device capacitance
(Cs), the voltage across Sg, cannot rise immediately. Voltage
startsrising after channel current falls below zero resulting zero
voltage turn oFr (ZVS) of Sg,. b phase primary current 'Fb
starts charging the capacitance across Sg, and discharging the
capacitance across Sg 1 . Equivalent circuit inthismodeisshown
in Fig. 5(b). From the equivaent circuit, it can be shown that

the voltages across Sg 1, Vs, , falsas per

b 1), 3

Vsg, (1) = Ve nCe
S

Phase a and ¢ remain in active state during this duration.

C. Mode3(t, <t<ty)

At t,, the capacitor across Sg 1 iscompletely discharged. The
anti-parallel diode of Sg; starts conducting (see Fig. 7). After
tp, Sg2 blocksVge. Thedurationt,,, = (t;  t;)isgivenbelow

_ 2nCsVyc

tazb -

» 4
The primary of b phase HFT is shorted through S; and anti-
paralel diode of Sg1. To achieve ZV Stransition, Sg; isturned
ON inthismode (deadtimebetween Sg , and Sg; must begreater
than t,, ). Equivalent circuit in thismode is shown in Fig. 8(a).
Phaseb isin zero state, i.e., no active power is transferred from
dcto ac sidein phaseb.
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Fig.8.
in Mode 7.

(a) Equivalent circuit diagraminMode 3. (b) Equivalent circuit diagram

HFT

Fig.9. Simpli edcircuit diagraminMode7 (ts < t < t7 in Fig. 3).

D. Mode4 6

Similar active to zero state transitions occur in phase a in
Mode 4 (t3 < t < t4) with ZVSturn oFfF of Sa, and in phasec
inMode 6 (ts < t < tg) with ZVSturn oFF of Sc,. In Mode 5
(t; <t <ts), phase a, b are in zero states and phase c isin
active state. Sa1 is turned ON to ensure ZVS when its anti-
parallel diodeis conducting.

E. Mode7 (tg <t<ty)

In this mode, al three phases are in zero state. HFT primary
terminals AN, BN, and CN are shorted through S; and the
anti-parallel diodes of Sx; (see Fig. 9). ZVSturn oN of S is
achieved in thisinterval. No active power istransferred from dc
to ac side. Equivalent circuit is shown in Fig. 8(b).

F. Mode8 (t; <t <tg)

Att;, S; isturned oFF. Dueto device capacitance Cs, voltage
across Sy, vs, cannot rise immediately, resulting in ZVS turn
OFF of S;. The neutral current iy starts charging the capacitor
(Cs) across S; and discharging the capacitor across S, (see
Fig. 10). Equivalent circuit in thismode is shown in Fig. 11(a).
A positive voltage appears acrossthe HFT primaries (AN, BN,
and CN). Secondary diodes D,;, Dyp;, and D4 are forward
biased and start conducting. This results in shorting of HFT
secondary windings [see Fig. 11(a)] and the primary circuit
dynamics become independent of secondary line currents. In
primary, the voltage polarity is against the direction of currents
through Lk resulting in reduction of magnitudes of primary
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Simpli ed circuit diagram in Mode 8 (t; < t < tg inFig. 3).
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Fig. 11. (a) Equivalent circuit diagram in Mode 8. (b) Equivalent circuit
diagram in Sub-mode 1 of Mode 9.

currents (ipa, ips, and iyc). Circuit equations are given below
in = ipa + ipb + ipc

VdC = V51 + VSZ

. dvs, dvs,
iN®=C T ©
dipa _ dipn _ dipe _ Vs,

dt dt dt Lk

wherevs, andvs, arethevoltagesacrossS; andS;. Solving (5),
the following expressions of voltage and currents are obtained:

in() =in(t7)cos ((t t7)
ij (£) = ipj (t7) iNgt7)(l cos ((t ) (g
vsl(t)=Wsin ()

wherej {a,b,c}and [ = %.Attg,Vsl reaches Vyc

andvs, = 0. Theanti-parallel diodeof S, isforward biased and

starts conducting. The duration of Mode 8, t,5, = (ts  t7) is
expressed as
. 3Vg4e
tya, = —sin ! ——% 7
“a r rLikin (t7) O

For the capacitor across S, to be completely discharged follow-
ing condition must be satis ed:

rLikin (t7)

Else the circuit will enter into resonant oscillation mode with
angular frequency  andwill remaininthismodetill the gating
pulse of S, isbeing applied.

3Vic. (8)
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G. Mode9 (tg <t <tg)

From (6), |ipj (t7)  ipj(ts)| havesamevaluesfor j = a, b, c.
S0, [ipc(ts)l > [ipa(ts)] > lipp(ts)| @ Ic > 1a > 1y. In this
mode, the primary currents ipj changethedirection linearly and
whenever ip; reach L the circuit dynamicsof the corresponding
phase is complete. Based on the magnitude at tg, rst b phase
primary current reaches 'F" and then a and then ¢ phase primary
currents reach ‘2 and =, respectively (see Fig. 12). Mode 9
is divided into three sub-modes. As the primary side 3 VS
switches Sa1,81,c1 are already ON (ZVS) before entering into
thismode, in the sub-modesinitially the anti-parallel diodesand
then active switches (Sa1,81.c1) take part in conduction based
on the direction of ip;.

1) Sub-Model(tg <t <tg,): Simpli edcircuitinthissub-
mode is shown in Fig. 13 and the equivalent circuit isshownin
Fig. 11(b). As the voltage polarity applied across the HFT pri-
mariesis against the direction of currents through Lk, primary
currents, and iy fal linearly as

NO=int) TEE )
©
(O =) (5 )

In secondary, line currents are transferred linearly from D3,
Dys, and D¢, to Da1, Dy, and Deg, respectively. In Fig. 12,
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Fig. 13. Simpli ed circuit diagramin Sub-mode 1 (tg < t < tg, inFig. 12).
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Fig. 14. (a) Equivaent circuit diagram in Sub-mode 2 of Mode 9.

(b) Equivalent circuit diagram in Sub-mode 3 of Mode 9.

=

n:l:1
HFT

Fig.15. Simpli edcircuit diagramin Sub-mode2 (tg, <t < tg, inFig. 12).

currents through Da1 and D,z are shown. In this interval, ipy
changesits direction.

2) Sub-Mode2(ts, <t <tg,): Attg,, iy, reachestheactive
state value 'ﬁ" In secondary, Iy is completely transferred from
Dy3 to Dy; and Dy3 is reverse biased (see Fig. 15). Equivalent
circuitisshown in Fig. 14(a). Asipy isclamped to L theslope
of iy changes from 3Vd° to 2\1d° in this interval. Phaseb has
completed its zero to actlve state transition. Other two primary
phase currents changes with same slope asin Sub-mode 1.

3) Sub-Mode3(tg, <t <tg): Atts,, iy reachestheactive
state value 'F In secondary, 1, istransferred completely from
Da,3 to Dy and Dy3 isreverse biased (see Fig. 16). Equivalent
circuit is shown in Fig. 14(b). As, ipy and ip, are clamped to
L and 2, respectively, the slope of in changes from £« to
Vldc in thrs interval. Phase a has completed its zero to actlve
state transition. Phase ¢ current changes with same slope asin
Sub-Mode 2.

In mode 9, the slope of iy is 3mg in Sub-mode 1, 2mg in
Sub-mode 2 and mg in Sub-mode 3, wheremg = Vd° . Inmodes
8and9, iy ischanged from latlo*le ¢ ly 1 .' reaches
zeroat ty (seeFig. 12). ToachieveZVSturnoN of S,, it must be
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Fig. 17. Figure showing envelopes of HFT primary and neutral currents.

turned ON in sometime between tg and ty when the anti-parallel
diodeof S, isinconduction. So, itisimportantto nd minimum
of (tN t7) = (tN tg) + (tg t7). (tg t7) isgiven in (7)

ty isde nedas ty = (tn  tg). The objective of the fol-
lowing analysisisto nd ty min. In this analysis, (ts  t7)
and the change in current magnitude, |ipj(t7) ipj(ts)| are
considered to be negligible. So, ty depends on mg, Iy, Iy,
and I.. Assuming negligible current ripple, the line currents
aregiven asfollows: ij = Ik sin( ot + M; %) [from (1)]. So,

ty dependson Iy and  where = ( ot 90 ). Let, ima
ismaximum of 15, Iy, and . Similarly, imig and iy can be de-

ned. Asiy +ip +ic =0, imax = Imin + imig. The waveforms
of 1pa and iy are square waves at switching frequency Ts and
have envelopes as ipa, and in,, respectively, over aline cy-
cle( = ,t) asshown in Fig. 17. ima has similar envelope
as the positive half of iy, . Due to symmetry, the analysis of

tn, min iscarried out for 0 < < 30 . From above assump-

tion, iy (tg) 2'% The time interval of Sub-Mode 1 can be
expressed as follows: (ts, tg) = 222, At tg, , in () can be
expressed as
. 2(i 2imi
in(ts,) = (ISBX) +3ms nlrr:n
° (10)
I = .
= %3 3sin  cos ).
n
in (tg,) ismonotonicin  andreacheszeroat = 10.89 . So,
for < , tyisgiveninthefollowing:
N n 3ms
(11)
= cos 0 < <
3nmg
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Fig. 18. Simpli edcircuit diagramin Mode 10 (tg < t < t1p inFig. 3).

Fig. 19. Equivaent circuit diagram in Mode 10.

For > ,itis possjbleto show iy will reach zero in Sub-
mode 2. in will take 'Nzﬁnil) amount of time to become zero in

Sub-mode 2. ty IS giveﬁ below

th = 2imin iN(t81)
N =
nmg 2mg
| (12)
= sin( +30) < <30.
ms
From (11) and (12), tn minoOccursa = and ty min =

0.655n'"TkS. To achieve ZV S turn oN of the primary half-bridge
legS1 S, over the complete line cycle, the deadtime, DT,
should belessthan  tn, min. Using (7), complete soft-switching
conditionof S; S, isgiven below

1 . 3nv, I L
1 Tde DT 0.6557’”(\/ Ik,

13
r rLIklpk NVdc ( )

H. Mode 10 (ty < t < t10)

At ty, ipc reaches the active state value . In secondary, I,
is transferred completely from D¢, to D4 and D, is reverse
biased (see Fig. 18). Equivalent circuit is shown in Fig. 19. All
the phases are in active state and transferring power. The circuit
con guration issimilar asin Mode 1.

In above discussion, polarity reversal of HFT primary volt-
ages and currents are shown in one half of the switching cycle.
Similar switching sequence will be followed in rest half of the
switching cycle with other symmetrical switches. It is seen that
during active to zero state transitions3 VSl legs are switched,
and the half-bridgeleg (S;  Sy) isswitched during zero to ac-
tivestatetransition. The abovediscussion showsthat all switches
inthe3 VSl are ZVS for most part of the line cycle whereas
the ZVS of the half-bridge leg (S;  S;) can be ensured over
complete line cycle.
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Xilinx Zynq Half-bridge Diode bridge+
controller

leg Half-bridge Leg

Primary HF I
3¢ VSI Inductor line filter
Fig. 20. Laboratory prototype.
TABLEI
OPERATING CONDITION OF THE3 TOPOLOGY
Parameter || Values
Output Power, P 4 kW
DC input, Vg, 350V
output voltage peak , Vg, || 200 V
Output frequency, f, 50 Hz
Switching frequency, fs 20 kHz
Vorl ¢
i XL/
ka / ¢ JA fLpk ¢
¢
Vgpk £0°

Fig. 21.  Phasor diagram of the converter connected to the ac source.

IV. EXPERIMENTAL VALIDATION
A. Setup and Operating Condition

The modulation strategy and switching process of the pro-
posed topology [see Fig. 2(a)] are experimentally veri ed in
a laboratory scale hardware prototype (see Fig. 20). Four pri-
mary HF legs and three secondary line frequency switched legs
are implemented using 1200 V, 75 A SEMIKRON IGBT mod-
ules SKM75GB123D. To implement secondary diode bridges,
1200 V, 75 A IXYS fast recovery diode modules MEE 75
12 DA are used. The IGBT modules are driven with optically
isolated gate driver IC, ACPL 339J with driving voltage level
—15 V. The primary modules are switched at 20 kHz, whereas
secondary modules are switched at 50 Hz. A 600 ns DT is
provided between the gating pulses of the top and the bottom
IGBTsof an IGBT module. EPCOSferrite E cores (E 80/38/20)
are used for three winding HFTs. The turns ratio is selected
as 51:34:34. The leakage inductance of HFTs are in the range
of 6 8 H. A seriesinductance of 48 H is connected to each
primary of the HFTs. To implement the modulation strategy
and generate the gating signals, an ARM-FPGA based system
on chip controller platform (Xilinx Zyng-7000) is used. The
operating condition of the converter isgivenin Tablel.

Phasor diagramisshownin Fig. 21 where Vi and I, arethe
peak of Van, andia, respectively. Vg isthe ac source peak value
and X = 2 fLg isthelinereactanceand isthe phaseangle.
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From the phasor diagram (see Fig. 21), following equations can
be written:

Vpk =Vgx O +j(2 fo)l %
p gpi p (14)
P :1-5Vgpk|pk Ccos :1-5Vpk|pk-
Solving (14)
2 4 2 172
Vo = @ + M XP
P 2 4 1.5
(15)
_gnt 2 fLeln
Vapk

The voltage at point a,b,c are sensed and modulation index
(m) and the phase angle ( ) are adjusted for a given power

ow (P) to synthesized converter output voltage V(a b,cyn, - For
the operating condition given in Table |, modulation index and
phase angle are calculated as =3, m = 0.86. So, power
factorcos =0.998 1.

B. Veri cation of Modulation Strategy

The output of the converter is connected to a balanced 3
voltage source (Van, » Vb n, » and Ve n, ) With phase peak (Vgpk)
200 V and frequency 50 Hz. The converter is modulated to
generate balanced 3  average output voltages (Van, , Von, , and
Ven, ) @ 50 Hz following the strategy described in Section |1
so that it supplies active power of 4 kW at unity power factor.
Van, l€ads Va n, . As the impedance of L¢ = 2.5 mH at 50 Hz
isrelatively small, Van, approximately followsva p, -

In Fig. 22(a), the PWM HF ac across HFT primary of phase
a (van) isshown. van has voltage levels of —350 V and zero.
The unipolar PWM pole voltage (Van,) with respect to HFT
secondary neutral n; is aso shown in CH2. v,5, has voltage
levelsof —233V and zero. The experimental waveformsof van
and vy, have matched with the analytical waveforms shownin
Fig. 2(c). The pole voltage (Van,) with respect to load neutral
ng is presented in CH3. Due to presence of HF common mode
voltage, the waveforms of van, and van, are different though
they have same average component. The load voltage waveform
(Van, ) afterline Iter L¢ isshownin CH4. Asin Tablel, va n,
has a peak value (Vgp) of 200 V.

Fig. 22(b) shows load voltage of phase a, Va n, and balanced
3 line currents iz p,c Over two line cycles. vq n, is amost
in phase with i, and the line currents contain very low high-
frequency ripple dueto Itering action of L¢. Theline currents
have an estimated peak of Ipi = 15y g5~ = 13.33 A. Exper-
imentally measured peak is 13.4 A. These set of resultscon rm
the3 operation of the proposed converter.

Line frequency switching of secondary switches are shown
in Fig. 23(a). The gate emitter voltage of Qa1 (Vee 0,,) IS
high (+15 V) when the line current i, > 0. This experimen-
tal result validates line frequency switching described in the
modulation strategy and shown in Fig. 2(c). Fig. 23(a) also
presents the primary current corresponding to phase a (ipa)
and the HFT neutral current iy over aline cycle. The wave-
form of iy, is a high-frequency square wave with magnitude
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Fig. 22. (a) Converter polevoltages [CH1] van (500 V/div.), [CH2] van,

(250 Vidiv.), [CH3] Van, (250 V/div.), [CH4] V4, (250 V/div.). Time
scale 2 ma/div. (b) Converter output voltage and line currents  [CH1] v,
(200 V/div.), [CH2] i5 (20 A/div.), [CH3] i, (20 A/div.), [CH4] i (20 A/div.).
Time scale 4 mg/div.

sinusoidally varying over line cycle. The envelope of ip, has
a peak of ipapk = "’Tk = 8.9 A. Unlike ipa, the envelope of
in hever becomes zero. The envelope of iy has a periodic-
ity of =& with peak value in pk = 2ipapk = 17.8 A and min-

imum value % = 15.4 A. Such envelope of iy helps to
achieve complete soft-switching of leg S; S, over a line
cycle.

Fig. 23(b) presents HFT primary voltage (van ) and current
(ipa) waveforms over two switching cycle (2Ts). HFT primary
current polarity changes when applied voltage changes from
zero to —Vg. (zero to active state) as discussed in Section 11
and shown in Fig. 3. Fig. 23(b) con rmsthat HFT ux balance
is achieved in one switching cycle.

Fig. 24(a) shows 3 primary voltages (va g c n) of HFTs
along with neutral current iy over two switching cycles. The
experimental waveforms are matched with the analytical wave-
forms shown in Fig. 3. From the gure, the zero to active state
transition occurs simultaneously in all the three phases and dur-
ing this time iy aso changes its direction. Theleg S;  S;
are switched at this instant. Active to zero transitions are not
synchronized.
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Fig.23. (a) Linefrequency switching of secondary switch [CH1] vgE q,;
(25 V/div.),[CH2] i5 (35 A/div.), [CH3] ipa (35A/div.), [CH4] in (35A/diV.).
Time scale 2 mg/div. (b) HFT primary voltage and current [CH1] van
(250 V/div.), [CH2] ipa (10 A/div.). Timescale 10 </div.

C. \eri cation of Converter Switching Process

The switching strategy of phase legs Sa1 a2, Sg1 B2, and
Sc1 c2 are similar. Hence, phase A leg Sa1 a2 are consid-
ered for discussion. In a high-frequency switching cycle (Ts),
Sa1 a2 areswitched twiceduring activeto zero statetransitions
of phase A. During one transition Sa, isturned ON and Sa; is
turned orrFand in the next transition S isturned OFF and S
is ON. The switching process in both the transitions are same.
Similarly, in aswitching cycle (Ts), there are two zero to active
state transitions during which leg S; S, are switched, and
here also, both the transitions of S; S, are similar switch-
ing process wise. So, it is suf cient to check any one transi-
tioninlegs Sa1 a2 and S; S, to verify the soft-switching
process.

Fig. 25(a) shows the turn ON transition of S;. It is seen from
the gure that the collector emitter voltagevce s, rstfalsto
zero and the pole current iy is negative, which indicates that
the anti-parallel diode of S; isin conduction. Before the direc-
tion of iy ischanged, the gate-emitter voltage vee s, isapplied
to achieve zero-voltage turn oN of S;. Fig. 25(b) shows the
turn OFF transition of S,. It is seen that the voltage across S,
Vce. s, Startsrising some time after the removal of the gating
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Fig. 24. (8 HFTs input voltages and neutra current [CH1] van
(500 V/div.), [CH2] vgn (500 V/div.), [CH3] vcn (500 V/div.), [CH4] in
(20 A/div.). Time scale 10 g/div. (b) Converter primary currents [CH1] ipa
(5 A/div.), [CH2] ipp (5 Aldiv.), [CH3] ipc (5 Aldiv.), [CH4] in (5 Aldiv.).
Timescalel d/div.

pulse, vees, (When vegs, is approximately zero or is nega-
tive). The vge s, represents the channel current of S,. Below
threshold voltage the channel current iszero. Dueto presence of
capacitance across S, the channel current falls rst and thenthe
voltageacross S, startsrising, which resultsin zero voltage turn
OFF of S;. These results show the ZVS operationof S;  Ss.
Fig. 25(c) shows the turn ON transition of Sa;. From the
gure, it is seen that the gating pulse vee.s,, is applied after
the collector emitter voltage vcg s, becomes zero. Asthe pole
current (ipa) direction does not change during the transition, the
anti-parallel diodeof Sa 1 isinconduction. Sotheturn oN of Sas
isazero voltage transition. In Fig. 25(d), the turn OFF transition
of Sa, isshown. The collector emitter voltage (Vcg s, ,) Starts
rising some time after the gating pulse vee s, , isremoved and
when vgg s, , iSapproximately zero or negative. Thisindicates
that the channel current through Sa, iszerowhenvee s, , starts
rising, resulting in zero voltage turn OFF transition. The delay
inrise of vegs,, IS caused by the capacitance presents across
Saz. These results show the ZVS operation of Sa; a2-
TheSa1  Sa2 arehard switchedintheshaded zoneshownin
Fig. 17. Fig. 26 presentsthe hard turn ON of Sa ;1. The magnitude
of ipa IS very low. After the gating pulse of Saz, VGESa, is
removed, the voltage across Sa1, Vce s, , startsfaling linearly.
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Fig. 25.  Switching transition waveforms of leg S;  Sj: (&) turn oN of Sg
and (b) turn oFr of S,. Switching transition waveforms of leg Sa1  Saz:
(c) turn oN of Sa1 and (d) turn OFF of Sa 5.

A sharp fall invce s, , isobserved when the Sa; isturned oN
before the device capacitance Cs iscompletely discharged. This
resultsin hard turn ON of Sag.
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