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Analysis of Transformerless Bidirectional AC/DC
Converter Based on Double Half-Bridge Topology
with Non-Commutating Neutral Wire

Alexander Suzdalenkadsearcher, Riga Technical Univergitylya Galkin fprofessor, Riga Technical University

Abstract The present article studies the converter, which is
based on dual half-bridge topology with common newal wire
that is not commutating during converter's operati;n. The
current sensorless control algorithm has been obtaed
analytically for rectification, grid-tied and stand-alone inverter
modes, which average value tracks reference currerstignal with
constant switching frequency. Two control functions for
inductor's discontinuous and continuous current mo@s have
been defined for each of operation modes, and semn&ss
transition between two modes has been stated. Thestéts of
simulation in the PSIM software approved the analyical model,
keeping the average inductor’s current to follow tke reference
value in inductor's discontinuous and continuous caduction
modes.

Keywords — AC-DC power converters, sensorless control,
current control, inverters, pulse width modulation converters.

|I. INTRODUCTION

The energy demand is growing at the rate of 2.4falhy
[1] due to increasing Earth’'s population and stadsiaof
living, pushing countries to install new generatfanilities at
a regular base. While the consumption of fossibueses
remain reasonable, countries also invest finan@sirfto
development of renewable energy sector, where tivengal
of hydro resources is almost utilized in some regifg8], the
wind and Solar energy are getting into the focusstalling
on-shore and off-shore wind parks and Solar plamtse
increasing popularity of PV panels positively imizaihe price
for this technology, that is about 0.138-0.163 €fk¥ur PVs
plants in Germany [4]. Countries might also adopeirt
legislation concerning connection of small energyrses, so
that people would become prosumers. Spectaculanraof
that is Denmark, where 36 MW of PV panels are cotatkto
the grid monthly in residential sector, after allowe to
“store” energy in the public grid surplus consuraptf5].

At the same time grid modernization concepts are

developed, such as microgrid [6] and nanogrid \Wich are
targeted for superior functionality of local gridsth higher
efficiency and stability values. These concept® gsmote
the use of DC subgrids [8] which allows reducingeregy
conversion count, as a result reaching higherieffay values
[9]. The bidirectional AC/DC converter gets in fagwvhich is
responsible for stability in both — AC and DC — grits.

This article is dedicated to analysis of transfatess dual
half-bridge bidirectional AC/DC converter with corom
neutral point that is not commutating during comees
operation. It is reasonable for primary AC/DC energ
transformation in household applications that aflow
eliminating AC/DC conversions, leaving only buift-iDC/DC
schemes with galvanic isolation (if needed) in dedices and
improving their efficiencies.

The article is structured as follows: firstly, teensorless
current control algorithm with constant switchingduency is
developed for rectification, grid-tied and standra inverter
modes; secondly, the calculations of LCL filter anade and
adaptation of control algorithm is discussed; tlgirdtwo
balancing circuits are analyzed and control isswzae
discussed.

II. DESCRIPTION OFTOPOLOGY

Various bidirectional topologies are proposed faelligent
grid applications, for instance: non-isolated catefe with
half-bridge that interfaces AC side and full-bridgéesrfacing
DC side [10], DAB topology with non-resonant [11} o
resonant [12] isolation stage. The first one is mafe for
operation, because both terminals of DC grid ardeurhigh
potentials, while two other are bulky due to thee usf
transformer.

Hereby, the authors would like to discuss the deutalf-
bridge bidirectional interface converter with commeeutral,
which is not commutating during converter’'s operatihat
provides save utilization. As the DC side mostlargfes and
discharges the capacitor C1, the balancing ciragit
introduced, which will be discussed in details dat®
section V.
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Fig. 1. Proposed bi-directional AC/DC converteopdlogy.
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I1l.  CURRENT CONTROL

A. Overview

A lot of current control techniques are known fromduring

literature [13], [14]: hysteresis, delta modulatidsoundary
switching, which are all relevant in some spediplications.
On the other hand, input inductor's current sensimdnigh
frequency switched mode power supply (SMPS) is et
challenging task, which also significantly incremagbe cost
and size of control system as it was mentioned drious
articles [15] [16]. Concerning the current contim proposed
converter the constant switching current sensortzsgrol
technique is selected, as accordingly to [17], étduces
switching losses in comparison with variable frage
hysteresis control, as well as
components. The comparison with other sensorlessraio
approaches is provided in table I.

TABLE |
OVERVIEW OF DIFFERENT SENSORLESS CONTROL TECHNIQUES
[18] | [19] | [20] | [21] | Proposed
Fixed switching frequengy \ \ \ v
Fixed-amplitude carrier | \ v
Current DCM V
urrent form
CCMm J J J J y
Stable to non-sinusoidal N N N
input voltage
Current sensorless J J y
Input voltage sensorless \ \

B. Rectifier mode

The typical operation half-bridge topology in aetirectifier
mode is shown in the figure below.
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Fig. 2. Commutated current paths in rectificationd® during positive half-
wave of input voltage.

The current forms during one switching period agensin
the figure below.
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Fig. 3. Inductor’s current form during single switeg period in DCM.

reduces high-frequen

Assuming that capacitor voltages remain constamingu
one switching period, but input voltage is averageductor’s
maximal current is described by voltage appliethtiuctorL1
transistor’'s conduction timet; and diode’s
conduction timetg -t1 ) as:

. _ VC2,k + VAC_avg,k
Imax,k = L :

1)

tl,k

Verk —Vac_avgk

“Imaxk = L

(ton —tux) @)
where L is input inductor inductanceYci and Ve, are
capacitors’ voltages,Vac avg iS input sine-form voltage
averaged during one switching period, but indekdicates
discrete values during"kswitching period.

The average inductor’s currerifvg) during one switching
period (Tsw) is defined as:

: | maxk T2k
lavg =5 T (3)
sw

Taking into account equations (1)-(3) the transisto
conduction time during DCM mode is defined as:

|iavg,k| -2 L'Tsw'(VCZLk _VAC_avgk)
(VCZ,k +VAC_avgk)' (VCSLk +VC2,k)
During CCM period another control law should bedjse
taking into account thatx now is equal to switching period

Tsw Transistor’s conduction time can be extractedmfro
equation below:

(4)

tl,k =

Veok TVac_avgk

Vewk —Vac avgk
£y 4 =avak
L 1k

Tsw_t],k ) =Ai ref,k ’(5)

which can be explained as integral of voltage amplto
inductor during one switching period that is equateference
current discrete change during one switching pefitds). So
that the control law for CCM period is defined as:

Ai ref,k L+ (VC:Lk - VAC_avg,k )'Tsw

(VCJ.,k +Veok )

(6)

tl,k —

I_pfc

AVGX(l_pfc,40u)
AVGXE(I_PFC)

[PFC_

t1_DCM/40u t1_CCM/40u
0.6
o il CCM
0.3 \“hé/ /
. e g
0.2 e S ki
0.1 e
0 il DCM : : A
0 0.004 0.008
Time (s)

Fig. 4. Simulation result for rectification mode.

The simulation in PSIM software was made in order t
evaluate obtained control laws. The figure abovedalestrates
two graphs with current forms (top graph) and beotmtrol
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laws (bottom graph). Inductorlsl current (red) is seen ontop Thet,k timing function can be defined from (9) and (18) a
graph of Fig. 4, the average current of which (plisethe follows:

following reference current form (green). The bottgraph (V Y ) t 4R T
ClLk c2k/ 'Lk “lavgk © 'sw

represents DCM and CCM timing functions, which sreg to) =— (13)

boundary conduction mode. The control system choose Veok

minimal value between (4) and (6) to control tlnsistor. In order to obtain control law for stand-alone irtee mode,
C. Grid-tied inverter mode the (11) and (12) are equalized at tithge After rearranging

I . . - variables the equation looks like:
The grid-tied inverter mode is analyzed similarlg t q

rectificatio_n mo.de, cppcerning Fhat Sl transistos i Veok —%&k Veak —§'t2,k _%.(tlkﬂzvk)
commutating during positive half period of inputtage. y =1- . -e , (14)
Thus, the control law for DCM is defined as: CLk CLk

. that makes sense of transcendental function, asgtryo
Iavg,k| 2L -Tsw-(ch,k +VAc_avg,k) extract natural logarithms from both parts, theirigrnfunction
t1x will be defined by natural logarithm that contathe same
Verk =V Ve +V :
o ( ke éc—a"g’k) ( K Cz’k) _ timing function. Thus, this equation has no alg&bsalution,
while inductor’s current in CCM is controlled bying the  however, it could be simplified assuming that thaior of
following definition, which is obtained in the samay as in voltages approximately equal to 1, and, secontily last part

(M

tl.k =

(6): has smallest contribution to all equation, becanfsbiggest
~ iy "L+ (VCZ,k +VAC_an’k).TSW absolute value of exponent, wh|ch_ due to negatige ®nds
tik = ( ) . (8) to zero faster than other parts which contain egpanThus,
Veik +Veak the result of simplification is written as:
D. Stand-alone inverter mode R R (15)
The stand-alone inverter mode requires differenttrcd et =2t

law than in grid-connected mode, as capacitor'sagel on Which in contrast to (14) has an algebraic solutitaking into
one side and voltage drop on the load from ancéie are accountzk definition from (13), the control law is defined:a

balanced with electromotive force of input inductés a Reigar T Veor (L1
result inductor'd_1 current is changing in exponential way. tyy = gk sw €2k ~ |p= (16)
Veik Vak R 2
s1 a =% The simplified control law is admissible at more less
1 Ldiidt | icd | L1+ Ldijdt equal capacitor voltages and relatively high rasis¢ of the
RL o] R1, | - load, while precise control law can be obtainedydny using
wel| |lir wl| lir numerical methods for solving transcendental equoati for
E - -E i_T_ example, bisection method. The figure below denratest
2 c2c21 fv,  9raphical representations of simplified and preatsatrol

laws for 2.5 A amplitude of reference signal andt.42) of
Fig. 5. Commutated current paths in stand-alonertey mode during positive !oad. The graphs are a_ImOSt identical, however difference
half-wave of generated voltage. is much noticeable at higher loads.

Two equations below ((9) and (10)) describe thmgiand
falling current forms:

1

t].k 0.75
iL()= [(-vea ) - Rei ()t t et by €) D1_1(k)
tok 0.9
g D1_2(k)
] tok ) SN T T |
iL(t)= [(veo() - R-i (t))dt+ IL(th)vt € [t],k1 t2,k] (10) 0'2‘_'
t].k 0
whereR is load resistance. 0 50 100 150 200 250
Solving differential equations above the followingsults k
are obtained: Fig. 6.Graphical representation of precise and kfieg control laws for
stand-alone inverter mode.
R
iL(t):— Veik 1- e‘f-t te [tok’th] (11) The control law for_ CCM is defineql similarl_y asnhs done
R ' previously for rectification or grid-tied invertemode,
resulting in:
. Veak *R(t*tz) . .
IL(t): ~.l1l-et ite[tlkthk] (12) — Alpes i 'L+(VC2,k +R"ref_avg)'-rsw
R ' b= . a7
(VCLk + VCZ,k)
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In order to verify obtained control laws for staaidne

and more distorted current will be injected to g¢nel. On the

inverter mode, the simulation in PSIM was made, nehe other hand — larger capacitance will result in déased

bisection method was implemented to obtain theststor's
conduction time during DCM.
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Fig. 7. Simulation result for stand-alone invertesde.

IV. LCL FILTER

As it was observed from simulations previously, ¢therent
consumed or generated into the grid hardly remthdssine-
form, because of high amount of higher harmonicsatied
near converter's switching frequency. The LCL filtesee
Fig. 8) commonly is used for reduction of harmoniaich
require special care of calculation keeping traffehetween
quality of input current and dimensions of theefiltwhich are
also proportional to filter’s price.

|/ Grid-side \| I/ LCL filter \ | Converter-side\I
I L1 L Lo I
I d | I
| | | —_— —_— | |
I I MG BT I
I I ! I
| | | | | |
I b Tt I
N /N N __/

Fig. 8. Location of LCL filter.

A. Calculation

The converter-side inductor is selected by usingsbo

converter’s inductance selection equation, wheresatiripple
is limited by capacitor's admissible ripple valu&he

ALC10A471DF450 capacitor is considered to be used i * Dot N

AC/DC converter with 4.03 A of allowed current ripg22].

(VCZ,k +Vack ) Dy (18)
fSW -Al ripple

The filter capacitor is selected in order to shbhigher

Lro =

reactive power flow. The reactive power limit isually
selected below 5% of system rated power [23]. Thbs,
capacitance limit is defined as:

P

Cr <005—————
27[' fAC VAC

(20)
whereVacis RMS value of input voltagé® is rated powerfac
grid’s frequency. Th&e value of 1.6 pF is selected for 1 kW
converter, which corresponds to 2.5% of rated cdave
base impedance.

Another constraint is related to LCL filter selismance
frequency, which is defined by the following eqoati

1 Lei+Leo
1:res Y A —
27 Y\ Lgy - Leo - Ce

The resonant frequency should match the following
constraint:

(21)

10f ac < fres <% fsw (22)

Selecting 0.2 mH for grid-side inductor both coastts
((19) and (20)) are fitted, as grid-side inductangedance is
tenfold in comparison with selected filter capacitopedance
and LCL filter's resonance frequency (6 kHz) isdted within
the defined range (10*50 Hzfgs < 25/2 kHz).

The figure below demonstrates the performance Li@ér f
where the top graph represents converter-side fodsc
current, while bottom graph corresponds to gricesid
inductor’s current.
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Fig. 9. Simulation results for evaluation of LAltdr.

The following table contains converter-side anddgide
inductors’ current THD values obtained by simulatiin

impedance of the capacitor lower than grid-sideuatdr's
impedance (about 1/10 or 1/5Xf ¢):

1.1
Xcp =| —=to= X
CF (10 5) L1
If the constraint is not fulfilled and capacitorpedance is

comparable with grid side inductor’'s impedance, filier
capacitor will not be able to shunt enough the enirripple

(19)

TABLE |
PERFORMANCE OFLCL FILTER
In [A] 75 5 25 1 05
Rectifier | THD(2)[%] | 13.6 | 19.5| 34.9| 67.3 101f2
mode | THD(I)[%] | 1.8 2.7 45 8.2| 115
inverter | THD(L)[%] | 12.1 | 17.7| 32.4| 63.8 961
mode | THD(I)[%] | 1.7 25 4.4 82| 115




The header is left blank

B. Adaptation of proposed switching technique

Special consideration should be taken into accountder
to use previously obtained control laws for coneest
operation with LCL filter. During DCM mode only ceerter-
side inductor should be taken into account to dateuthe
transistor's duty cycle for rectification and gtidd inverter
modes. During CCM the total inductance of the LGlkef
should be considered to calculate transistor’s gotidn time
for rectification and grid-tied inverter modes.

The stand-alone inverter's mode with LCL filter sl be
treated as grid-tied inverter mode as the curraveforms are
not exponential, but linear due to filter capacitor

V. BALANCING CIRCUIT

The proposed converter needs balancing circuit wgub
half-bridge mostly charges and discharges capa€itoil hus,
the balancing circuit should provide half of theygo required
by output half-bridge.
implemented as hard-switched, either soft switchee,it is
demonstrated in the figure below.

Fig. 10. Hard-switched (left) and soft-switchedglit) capacitors’ voltage
balancing circuits.

A. Hard-switched balancing circuit

The hard-switched balancing circuit utilizes
semiconductor switches and additional inductor aergy
storage element. In order to provide energy fropac#dorC2,

the Ss2 switch is controlled. DuringSs2 conduction state

energy is stored in the inductds and, when theSs; is
switched off, stored energy is released to capa€ilchrough
diode ofSs1.

The control law for hard switched balancing ciratitring
DCM inductor’'s mode is defined similarly to (4) a(W):

\/iCZ_avg,k -2-Lg - Tgy Verk
k =

Veak

t, (23)

This balancing circuit cane b

B. Soft-switched balancing circuit

The soft-switched balancing circuit utilized resonaank
as energy storage and four semiconductor switches,
controlling SB3andSB4during energy transfer from capacitor
C2 to capacitorCl, while SB1and SB2 are represented by
their diodes. Reversed energy transfer is possiimi@mutating
switchesSBlandSB2

The energy stored in resonant bank is equal tetieegy of
the charged resonant capacitor at the end of leaifg:

(24)

The resonant inductor should be selected in oalprdvide
resonant frequency, at which half of the output @oshould
be supplied by resonant bank. The inductance ofdgkenant
inductor can be found from:

1

foo-_ =
Y 21 /LsCh

The table below contains parameters of resonaainbalg
circuit with calculated values of maximal power vilo
amplitude current and resonant frequency.

(25)

TABLE I
PARAMETERS OF RESONANT BALANCING CIRCUIT
Combination G[nF] | Lg[uH] | fredkHz] | *Iw [A] | *P [W]
| 75 540 25 4.7 600
Il 68 560 25.8 4.4 544
] 82 470 25.6 5.3 656

* - calculated for 25 kHz operationc¥0)=400 V

The first combination of passive components wasutaled
for 600 W of balancing power, while the second #rlthird
combinations are selected out of standard nomiakles for
passive components. Slightly higher resonant frequeis
admissible, as time reservation for dead-band shbeltaken
into account.

The diagram below demonstrates the performance
balancing circuit for the second solution from Teabl,
showing almost linear growth of transferred powep&hding
on the voltage of discharging capacitor. Thus réwilation of

of

twotransferred energy depends on the delays that resertéd

between switching periods and by controlling thétage of
discharging capacitor.

65
60Q
P(Vc2p5(

500

45
380 390 400 410 420

Vc2

Fig. 11. Performance of resonant balancing cir(Qi=68 nF, [5=560 uH,
fow=25 kHz)
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VI. CONCLUSIONS [13]

The proposed bidirectional AC/DC dual half-bridge
converter has advantage over other solutions dueotm [14]
commutating neutral wire that eliminates also thee wf
transformer; thus, the power density of the comredan
potentially be increased. The current sensorlesstraio
algorithm has lower cost and size of the contrdtem in
comparison with sensored control. Proposed alguoritias
been obtained analytically and confirmed by simaret for
all operation modes. The constant switching fregyen
potentially allows keeping the high performancetted LCL [17]
filter at wide range of power ratings. The softished
balancing circuit is more advantageous as it pewidelf-
regulation function, as the higher is dischargeatapacitor
voltage the more energy is transferred to chargezdgbacitor.

[15]

[16]

(18]
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