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Current Sensorless Control of Front-end Bidirealon
AC/DC Converter Based on Half-bridge Topology

Alexander Suzdalenkdrésearcher, Riga Technical University)

Abstract —Electrical grid modernization concept promotes the efficiency and stability values. These concept® glsomote
use of DC subgrids in order to improve efficiencyminimizing  the use of DC subgrids [8]-[10], which allows reithgc
energy conversion count in the source-to-load chaifmhe present energy conversion count, as a result reaching higffieiency
paper discusses an average current sensorless cantalgorithm T . .
for proposed bidirectional AC/DC converter, which & based on a values [11]. ,Th? focus ',S on the .blldlr_ectlonal AC/D
dual half-bridge topology with common neutral wirethat is not ~ converter, which is responsible for stability inttve- AC and
commutating during converter operation. The proposd current  DC subgrids [12], or can be used to interface gnetgrage
sensorless control algorithm has been obtained anically for  element [13]. In some cases AC/DC converter mighb a
rectification, grid-tied and stand-alone inverter modes. The sypport AC grid by compensating higher harmonie§.[1
average value of inductor current tracks the referace current This article is dedicated to the analysis of cursemsorless

signal with constant switching frequency. Two contrbfunctions - .
for inductor’s discontinuous and continuous currentmodes have control of the proposed bidirectional AC/DC coneerbased

been defined for each of the operation modes, and sensorless ©N half-bridge topology with common neutral poin&tt is not
transition between DCM and CCM modes has been stale The =~ commutating during the converter operation.
proposed sensorless control algorithm has been alsalapted for The article is structured as follows: firstly, theerview of
use with LCL input filter. The results of simulation in the PSIM  sensorless control algorithms is discussed; thenptoposed
.S(Zjﬁware approved tr]le”a”alyﬁica' ;"Ode" keefi”g_th@:j’erage current sensorless control algorithm with constamitching
inductor current to follow the reference value in nductor , e I
discontinuous and continuous conduction modes. Expenental freque_ncy is developed for rectification, grld_.tladd S.tand_
investigation of the proposed current control algoithm provided ~ /0N inverter modes; afterwards, the calculatiobGL filter
similar results confirming the discussed theory. is made and adaptation of control algorithm is wised;

finally, the experimental results are presented @mtlusions

Keywords — AC-DC power converters, sensorless control, are drawn at the end of this paper.
current control, inverters, pulse width modulation converters.
Il. DESCRIPTION OFTOPOLOGY

|. INTRODUCTION Various bidirectional topologies are proposed faeliigent
grid applications, for instance: non-isolated catefe with
half-bridge that interfaces AC side and full-bridgéerfacing
DC side [15], DAB topology with non-resonant [16} o
resonant [17] isolation stage. The first one issafe, because

The world’s electrical energy demand is growing aate of
2.4% annually, while developing countries have 4ffréase
of demand [1] due to increasing population [2] atahdards

of living, flormtr)\g .Cou\?\}rr]'.fs ttr? install nevx;_ gene;o:t fg(glltles both terminals of DC grid are under high potentialkile two
on a reguiar bass. e the consumption O TOEBOUICeS pq 5re bulky due to the use of transformer.

(rjemallns rt:asfonable, bl countries Tvei}h l;m;ngctes tlnto Hereby, the authors would like to propose bidiatdi
cvelopment of renewable energy sector. 1he 1o MeNt interface converter with common neutral, which ist n

\zlglfres W_?ﬁ estlml?tefdthto bg 257tb|II|otns. of L.JSA aicxltl)m commutating during converter’s operation that pdegi safe

£ [t ]I.I d € r?SU Od e_s%mves Ments 15 gt_gngvmum " utilization. Besides the half-bridge topology isfarable due
of instaled solar and wind €nergy capaciies pRnua, . inimized semiconductor switch count in the entrpath
promotmg significant redgchon of Fechnology cqsléor [18], where the problem of transistor's overvoltacgn be
instance, energy production cost in Germany is 8)':Lssolved with proper design as discussed in [19]. Digeside

O.]é33€/lt<\_Nh for_prf]]tcnoivoltag: (Ptvzhplgntls [‘.‘]l- i . mostly charges and discharges the capacitor Chlanding
ountries might -also adapt their Iegisiation Cono® .. ;t jg utilised, but not analysed in the pregasper.
connection of small energy sources to the utiliigg so that

the owners of the RES become prosumers (producer an N = T
consumer). Denmark shows a spectacular examplehisf t s1 Ejs FCT T s
approach, where 36 MW of PV panels are connectetthto 1 == | | 12
to a grid in the residential sector, after it beeaatiowed to ! Balancing !
“store” energy in public grid surplus consumptiothus AC ol crevit ‘|'C3 pe
helping to reach the 20-20-20 governmental go&Gff MW = T i
PV capacity by the end of 2012 [5]. o= :
At the same time grid modernization concepts are ilq% L_gp-! ilq

developed, such as microgrid [6] and nanogrid Mich are
targeted for superior functionality of local grigsth higher Fig. 1. Proposed bi-directional AC/DC converteopdlogy.



The header is left blank

Multiple current control techniques are known frahe
literature [20]-[23]: peak current control, hyssse delta
modulation, boundary switching, which relate to reat
measurement and all are relevant
applications. On the other hand, input inductorenir sensing
in high frequency switched mode power supplies (SMR
the most challenging task, which also significantligreases
the cost and size of control system as it was roeeatl in
various articles [24]-[26], while the importance thie fast
current loop has been discussed in [27]. The cusemsorless
control
instantaneous current measurement, but use otipeoaghes
for estimation of input current. In [28] it is proged to use a
slower load current measurement to estimate cuoeiput
inductor. It is advised by the authors from [29] use an
average inductor current sensor that is suitable digital
control systems. In [30] the single-loop currenhs®less
control is being proposed, which is based on digitarent
rebuilding approach and uses input and output geltealues
as well as predefined circuit parameters (inductord
capacitor precise values) to estimate instantanéwdisctor
current value. The fixed and variable switchinggtrencies
are used in the above mentioned articles, howeEgrding
to [31], the constant frequency reduces switchiogsés in
comparison with variable frequency control, as wslreduces
high-frequency components.

The comparison with other sensorless control ambresis
provided in Table I.

CURRENT CONTROL

TABLE |
OVERVIEW OF DIFFERENT SENSORLESS CONTROL TECHNIQUES
[30] | [32] | [33] | [34] | Proposed
Fixed switching frequengy v V V J V
Fixed-amplitude carrier | v v
Current DCM v
urrent form
cc™M | NN N v
Stable to non-sinusoidal J N N
input voltage
Current sensorless \/ \/ \/
Input voltage sensorless V J
S1 +ch1
(1 Ldidt L1 Ldi/dt . ica)
Ac, | 4 AC T
VACl VAcl
= N =

szJ:| c2 —_L_l Ve

Fig. 2. Commutated current paths in rectificatioade during positive half-
period of input voltage.

techniques are then proposed. They elirainat

A. Rectifier mode

The typical operation of half-bridge topology intige
rectifier mode is shown in the figure above (seg. B) (the
positive half period is considered). The currentrfe during

in some specifitie switching period are seen in the figure below.

Assuming that capacitor voltages remain constamingu
one switching period, but input voltage is averageductor’s
maximal current (Fig. 3) is described by voltagelagul to
inductor L1 during transistor’s conduction timei() and
diode’s conduction time-t1 ) as:

. _ VC2,k + VAC_avg,k
Imax,k - L

@)

_ Veik ~Vac_avgk
maxk — L

'(tz,k _tlk)' ()

where L is input inductor inductanceVc: and Ve, are
capacitors’ voltages,Vac ag IS input sinusoidal voltage
averaged during one switching period, but indtedicates
discrete values during"kswitching period.

The average inductor curreritvgx) during one switching
period (Tsy) is defined as:

i -1
. k "*2k
lavg,k :% 3
sw

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

||avg,k|’2' L'Tsw’(VC:Lk _VAC_avg,k)
(VCZ,k +VAC_avg,k)' (VC:Lk +VC2,k)

During CCM period another control law should be used,
taking into account thatx now is equal to switching period
Tsw. Transistor conduction time can be extracted froma&qgn
below:

- (4)

tl,k =

Veak TVac_avgk
Tk
L 1

V, -V
o A (Tsw _tlk ): Ai ref k’ (5)

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

_ Airef,k L+ (VCJ,k _VAC_avg,k)'TSN

t,, =
L (VClk +Vc2,k)

(6)

1 I max k |
| [A] - 1
e
N\ i) !
i iref(t) iavlgki
! s

! N

tiu f

<—t2 t [S]

l———T g y——

Fig. 3. Inductor’s current form during single s\hiteg period in DCM.
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t1_DCM/40u tl_CCM/40u

[ CCM

0 0.004 0.008

Time ()

Fig. 4. Simulation result for rectification moder(alitude of reference current
signally=-2.5 A).

The simulation in PSIM software was made in order t

evaluate obtained control laws. The figure abovealestrates
two graphs with current forms (top graph) and bothtrobn

The grid-tied inverter mode is analysed similarly to
rectification one, concerning that S1 transistorosymutating
during positive half period of input voltage (Fig. 6

Thus, the control law for DCM is defined as:

Iavg,k| -2-L 'TSN ' (VCZ,k + VAC_avg,k)
(VClk —VAc_avg,k)' (VClk +VC2,k)

while inductor current in CCM is controlled by usiriye
following definition, which is obtained in the sameayas
in (6):

. (M

tl,k -

oo — Airef,k -L+ (ch,k +VAC_avg,k)'T9N
Lk (Vclk +VC2,k)

The results of simulation of operation of half-bridge
converter in grid-tied inverter mode are presentedovws
(Fig. 7). The upper graph demonstrates the currew fh
input inductor, which is similar to current form simedtfor
6ectifier mode. The lower graph presents the transiStb
conduction time, where two functions (DCM and CCM
control laws) are crossing at boundary conduction mode.

(8

laws (bottom graph). Inductorlsl current (red) is seen in the C. Stand-alone inverter mode

upper graph of Fig. 4, the average current (bldeyttich is
following reference current form (green). The lowgnaph

The stand-alone inverter mode (Fig. 8) requires wdiffe
control law than in grid-connected mode, as capeaeibttage

represents DCM and CCM timing functions, which cross &, one side and voltage drop across the load froer atide
boundary conduction mode. The control system choosgg pajanced with electromotive force of input icu. As a

minimal value between (4) and (6) to control the distor.

B. Grid-tied inverter mode

The commutated current paths of half-bridge interface

converter in grid-tied inverter mode are presentedig. 5
(positive half-period of input voltage is considered)

s1 a=—"1va L1 | di/gt
L1 | difdt icf| ~ ~
Py AC Al
Ac+ -~ v, i|_
VAci L Ali
-

=

s2 % cizcz—LlI_ivcz

Fig. 5. Commutated current paths in grid-tied iteemode during positive
half-period of input voltage.
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Fig. 6. Inductor current form in grid-tied inverterode during one switching
period.

result inductoiL1 current is changing in an exponential way.

I_pfc

AVGX(I_pfc,40u)

o | ;

t1_DCM/40u t1_CCM/40u

0 0.004 0.008
Time ()

Fig. 7. Simulation result for grid-tied inverter d®(vy=-2.5 A).
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Fig. 8. Commutated current paths in stand-alonertev mode during positive
half-period of generated voltage.
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Fig. 9. Inductor current form in stand-alone ineertmode during one
switching period.

Two equations below ((9) and (10)) describe the risind
falling current forms (Fig. 9):

i(t)= Lfk(_Vm(t) —R-i (t))dt, te [to,k, tl,k] and

9)
tok
tak
i(t)= tJ(ch('[) — Ry (t))dt + iL(t],k)'t € [th' t2,k]. (10)

whereR is load resistance.
By solving above differential equations, the foling
results are obtained:

R
V _
i (t)=- CFJ{*- 1—e L ,te[to’k,tlk]and (11)
R
V —(t—
i (t)= Cr\z;k |1-e S 'te[tlk!tz,k]- (12)

Thety timing function can be defined from (9) and (18) a

follows:

(Verk + Voo ) tux + R Tavgk  Tsw

13
Veak (13)

ok ==

In order to obtain control law for stand-alone irtee mode,

the (11) and (12) are equalized at titpe After rearranging
variables the equation looks like:

[1

that makes sense of transcendental equation, &g tity

extract natural logarithms from both parts, theitignfunction

tyx will be defined by natural logarithm that contathe same
timing function. Thus, this equation has no algabsalution,

however, it could be simplified assuming that tlaior of

voltages are approximately equal to 1, and, segotidé last
part has the smallest contribution to all the eiguatbecause
of largest absolute value of exponent, which duadgative
sign tends to zero faster than other parts comgiakponent.
Thus, the result of simplification is written as:

R R R
Veak 7tk Veak | —rtek - ltkrtar)
" e L —=" e L —e L

Veik Veik

R
o ,

R
1k
=2e L

oLt (15)

which in contrast to (14) has an algebraic solutiteking into
accounttk definition from (13), the control law is defined:a

_ R'iavg,k 'Tsw _VCZ,k L Inl
VClk'R 2'

ik (16)

Veik
The simplified control law is admissible at more less
equal capacitor voltages and relatively high rasis¢ of the
load, while precise control law can be obtainedydny using
numerical methods for solving transcendental equati for
example, bisection method. The figure below denratest
graphical representations of simplified and preaismtrol
laws for different amplitudes of reference signahe two
curves are almost identical at light loads (Fig.(ap), while
the difference is more noticeable at higher lo&dg. (10 (b)).
The control law for CCM is defined similarly asntis done

previously for rectification or grid-tied invertemode,
resulting in:
— Aiges o - L+ Veok + Reirg avg)‘Tsw
b= = 17)

(VCJ,k + VCZ,k)

In order to verify obtained control laws for staaldne
inverter mode, the simulation in PSIM was made, rehe
bisection method was implemented to obtain thesishor's
conduction time during DCM (Fig. 11).
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Fig. 10. Graphical representation of simplified (@) and precise (D1_2)
control laws for stand-alone inverter mode: [@¥-2.5A, R=124.4Q; (b)
Im=-85A, R=36.6 Q; (index k identifies sequential number of switching
period, where 250 switching periods correspond ati-freriod of 50 Hz
sinusoidal signal operating at 25 kHz).
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Fig. 11. Simulation result for stand-alone inverterode (y=-25A,
R=124.4 Q).
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IV. LCL FILTER

As it was previously observed from simulations, ¢herent
consumed or generated into the grid hardly remihd t
sinusoid, because of high amount of higher harnsoluicated
close to the converter’s switching frequency. THeL Lfilter
(see Fig. 8) is commonly used for reduction of hamits as
described in [35] and [36], that requires speciatec of
calculation keeping trade-off between quality gbubh current
and dimensions of the filter, which are also prdipoal to
filter’s price.

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
AC/DC converter with 4.03 A of admissible currefppie
[37]

(VCZ,k +VAC,k)' Dy
fS.N -Al ripple

The filter capacitor is selected in order to shaigher
harmonic currents with the capacitor branch, selgct
impedance of the capacitor lower than grid-sideuatdr’'s
impedance (about 1/10 or 1/5Xf ¢):

1,1
Xer _(lotos]xu.
If the constraint is not fulfilled and capacitorpedance is
comparable with grid side inductor’s impedance, fhiger
capacitor will not be able to shunt enough the enirripple
and more distorted current will be injected inte thrid. On
the other hand — larger capacitance will resuthmincreased
reactive power flow. The reactive power limit isually
selected below 5% of system rated power [38]. Thhs,
capacitance limit is defined as:

Leo = (18)

(19)

P

Cr < 005—————
27[’ fAC 'VAC

(20)

whereVacis RMS value of input voltag® is rated powerfac

grid’s frequency. Th&e value of 1.6 pUF is selected for 1 kW

converter, which corresponds to 2.5% of rated cdevs
base impedance.

Another constraint is related with LCL filter sefsonance
frequency, which is defined by the following equoati

| Le+Lle
Lri-Le2Cr

_1
res 272_

f (21)
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N T ’
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Fig. 12. Location of LCL filter.
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Fig. 13. Simulation results for evaluation of L@lter.

TABLE |
PERFORMANCE OFLCL FILTER
Iw [A] 75 5 25 1 05
Rectifier | THD(2)[%] | 13.6 | 19.5| 34.9| 67.3 101p2
mode THD(IL,)[%] | 1.8 2.7 45 82| 115
inverter | THD(I)[%] | 12.1 | 17.7| 324| 63.8 961
mode THD(IL)[%] | 1.7 25 44 82| 115

The figure below demonstrates the performance of LC
filter, where the top graph represents convertge-giductor’s
current, while bottom graph corresponds to gricesituctor
current.

The following table contains converter-side anddgide
inductors currents THD values obtained by simufatio
PSIM at different input current reference values.

B. Adaptation of proposed switching technique

Special consideration should be taken into accountder
to use previously obtained control laws for coneedperation

The resonant frequency should match the followinwgith LCL filter. During DCM mode only converter-sid

constraint:

10f ¢ < fres<%fSN- (22)

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

inductor should be taken into account to calculéite
transistor's duty cycle for rectification and gtidd inverter
modes. During CCM the total inductance of the LGltef
should be considered to calculate transistor’s aotidn time
for rectification and grid-tied inverter modes.

The stand-alone inverter's mode with LCL filter sk be
treated as grid-tied inverter mode as the curreneforms are
not exponential, but linear due to filter capacitor
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V.EXPERIMENTAL INVESTIGATION

The performance of the elaborated bidirectional AC/
converter was tested at a reduced input voltagevatuate the
proposed current sensorless control algorithm driwe FPGA
control board.

The figure below (see Fig. 15.) demonstrates taesition
between disabled PFC function and enabled PFCiimcAs
it can be noted, the current shape was with imprd¥e>0.97,
and THD value (around 10%), that was relatively djoesult,
due to the fact that CCM period constituted 70%infisoidal
half-period.

ACside

Internal
DC link

DC side
[

Balancing
circuit

Control
board

Fig. 14. Photo of bidirectional AC/DC converter.

PFC_EM
3.9200

___._.
]

1.5200

-2.0800

-4,08004

-E.0200

-8,0800
-10.0800

42,0800 L

10 ms/Div

-30,85 mz

Fig. 15. Performance of the PFC function - curi@hte, 2 A/div) and input
voltage (red, 100 V/div).

VI. CONCLUSIONS

The proposed bidirectional AC/DC dual half-bridge
converter has advantage over other solutions du@oto
commutating neutral wire that eliminates also thse wf
transformer; thus, the power density of the comrexdan
potentially be increased. The current sensorlesstrao
algorithm has lower cost and size of the contrdtewy in
comparison with sensored control. Proposed algorithas
been obtained analytically and confirmed by simatet for
all operation modes. The constant switching fregyen
potentially allows keeping the high performancetioé LCL
filter at wide range of power ratings.

Proposed average current sensorless control digoriian
be also applied in sensored applications during fmwer
modes, where inductor’s current is mostly discardims and
there is certain difficulty to sample current dgrismall duty
cycle. Thus, the current shape can be improved tiiging
proposed technique, which allows calculating théy diycle
with high precision.

The experimental investigation of proposed conventas
performed at reduced input voltage ratings, whdravas
noticed relatively high THD value of inductor cumtelt could
be explained with imprecision of calibration of bgue to
digital converter, as well as parasitic voltage pdroon
semiconductor and reactive elements, causing dewidh
voltage-second balance on inductor, which resulied
distortion of sinusoidal current form. Thus, propdscurrent
control algorithm can be improved further takingoinan
account the mentioned problems.
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