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Abstract: In this paper, suboptimal current injection inshown in [1], current injection networks requirenso
three-phase diode bridge rectifiers that apply shihg power to be taken from the rectifier output to pdev
resistance emulators is analyzed. Two rectifiere amreduction of the input current THD. There are selver
focused, one that applies filtering of the resisan methods how the current injection may be implennte
emulator output current, and the other one thatsdoet. but in all cases the power taken by the currergciign
Models that cover both the continuous and theetwork is less than 10% of the rectifier input pow
discontinuous conduction mode of the rectifiers ar&ecovery of this power, i.e. transfer of the potaken
developed. Optimization is performed, showing tieth by the current injection network to the load, is tpic
of the rectifiers provide about the same perfornreancaddressed in this paper. In order to recover theepo
when the emulated resistance takes the optimalevaluaken by the current injection network, concepttlod
The results are experimentally verified. loss-free resistor [2] is applied.

Key Words. AC-DC power conversion, converters, The current injection method focused in this paper
harmonic distortion, power conversion harmonicssuboptimal current injection. The method is disedsm

power quality, rectifiers [1], and from the optimal current injection, propdsin
[3], differs in the subsystem that provides injentdf the
1. INTRODUCTION harmonics at even triples of the line frequencyisTh

subsystem negligibly improves the input current THD
but increases the system complexity; thus, thdfierst
that apply suboptimal current injection have this
subsystem omitted. Typical rectifier of this class

In order to reduce total harmonic distortion (TH&)
the input currents of three-phase diode bridgeifiend,
current injection methods [1] may be applied. Assit
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Fig. 1.Three-phase rectifier with suboptimal current irfjen and a resistance emulator.



presented in Fig. 1. The rectifier of Fig. 1 cotssisf a
diode bridge (D1 to D6), a current injection systemd
a resistance emulator, encircled with the dottexd, li
modeled as a loss-free resistor [2]. The resistance ., C_’
emulator might be followed by a filter consistinfy b

andC. .

Similar approach in the third harmonic current
injection based rectifiers is applied in [4], whese
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<+ Iovr — IER

passive resistance emulating circuit has been eghph U0 (D +
result of [4] is that filtering of the resistancengator c Ve
output current, contrary to initial expectationsed not P "“:‘F -
contribute to the reduction of the input current OH DB i

|n5tead, the f||ter|ng increases the input CurrﬁhD' F|g Z.Equivalent circuit of the rectifier with filter
thus the filter is omitted from the rectifier pregsal in

[4]. The reason for this effect is that the outputrent ;f ” g
ripple of the resistance emulator contains a hartnah i,it+
sixth multiple of the line frequency with the antpte c Ve
close to the amplitude required by the optimal eoirr w4 (1) o)
injection [3]. v1
Effects caused by filtering of the resistance emaula oy =0 \/\1;\/\ vav| CD" (D L
output current in the rectifiers that apply suboygti i iy ey o o
current injection are analyzed in this paper. Ih fBe — v
same topic is addressed, and feasibility of thecephis ., (1) N
experimentally verified. Also, it is observed thiie c Ve
rectifiers with suboptimal current injection thaapdy the > nI—
resistance emulator tend to operate very closehéo t [N s o

discontinuous conduction mode, since the operatingig. 3.Equivalent circuit of the rectifier without filter
point with the minimum of THD is close to the boany

between the continuous and the discontinuougchniques introduced in [6] and [7] for the anilysf
conduction mode. This paper extends the resulS]afh  rectifiers in the discontinuous conduction mode tha
theoretical direction. The rectifiers are modeleccover analysis of the equivalent circuits, as well as to

both the continuous and the discontinuous conductiqjetermine the output voltage, waveforms\gf and v,
mode, applying techniques of [6] and [7]. Next, al re also of interest

opt_imization is pe_rformed, to de_termine _optima Let us assume that the supply voltages are
resistance at the resistance emulator input ptortilllbe o

shown that in the case the filtering is applied dp&mal v, =V, co{ax - (k —1)_j (1)
operating point is in the continuous conduction mod 3
while in the case the filtering is not applied ttimal for k0{123}. Waveforms v,, and vy, of the

operating point is in the discontinuous conductiemde.  equivalent circuits of Figs. 2 and 3 are defined[&%
Finally, the analytical results are experimentatyified. [71)

Voo = max{(v, v,,v;) )
2. MODELS and

To analayze the rectifier of Fig. 1 in two casebew Vgo = Min(V,V,,V,). ©)
complete filtering of the resistance emulator outp
current is applied, assuming: — o andC. - o, and

Vao * Veo

in the case when the filtering is omitted, whep — 0 Vavo =75 4)

and C. - 0, appropriate models should be derived. IIThis waveform plays an important role since under
the analysis, both the continuous and the discoatia imposed assumptions

Y et us also define a voltage waveform

conduction mode are of interest, and the model Idhou AR AA

cover both of them. The model is derived applying Vav = 2 (5)
techniques developed in [6] and [7]. CapacitGrsof the regardless conduction of DA and DB.

current injection network are assumed to have g In the continuous conduction mode, diodes DA and

voltage ripple, and their voltages are for symmetrpg of the equivalent circuits of Figs. 2 and 3 cocid
reasons assumed as being the same, equ&l {@]. To  during the whole period, resulting iv, =v,, and
determine the input current waveforms, it is sigfnt to Vi = Vg, In this casd, >0 andi, >0 during the whole

determine the waveforms df, and iy (Fig. 1), since period, resulting inv,, =v,,, and i, =v,,,/R. This

v =la~le Ix :'Y/?” and the conduct.|on of d'ofjes IS applies for both of the analyzed equivalent cisuit
controlled by the input voltages. It is convenieot In discontinuous conduction modes, there are

determine the waveforms of, and iy from the ntervals of time in whichi, or i are equal to zero.
equivalent circuits of Figs. 2 and 3, developediypp



These intervals correspond to diodes DA or DB bein 35

. . . . T T T T
reverse biased. Out of four possible combinatiohs gger, SSM —
i H er, I -
diode states only three are of interest, charaetdrby at %0 no filter, CCM |

no filter, DCM  ===nuu=-

least one diode in conducting state.

2.1. Mode€l of therectifier with filter os |

The rectifier with filter is analyzed assuming \alof
a current defined a$, = 1,,; —lc;. Solving the circuit = ,,

of Fig. 2, a model that consists of three linegnsents is
obtained. The first segment covers the continum@
conduction interval, where both DA and DB conduct &
resulting in vy=v,, and Vg =Vg,, Iy =Va/R,
in=1,+i,/2, and iy =1, -i,/2. This applies for
Vao > —2RI, andv,,, <2RI, .
In the casev,,, >2RIl,, DB is off, andv, =v,,,
Vg =V, 4RI, 0, =21,, i, =2I,,andiz =0. 0 . ! ! ! ! ! !
For v,,, <—2RIl,, DA is off, andv, = -v,, —4RlI, ,

[%

Vg =Vgg, Iy =21, 1i,=0,andiz =2I,.

After the waveforms are computed, actual output
current is computed from, . =1, +1gs, Where Iz is  This applies forv, > v, .
obtained as

Fig. 4.Dependence of the input current THD on G

R 3. OPTIMIZATION
b (6)

_VA—VB After the converter models are derived, numerical
where overline represents averaging over the lariog.  COMputation is applied to determine optimal valées
When the waveforms of the rectifier voltages and'® emulated resistance in both of the consideasgsc
currents are determined, parameters like the iopuent [N order to generalize the results, normalizatien i
THD and the power factor are computed applyin erformed, and the input current THD is expressed i

IER

standard procedures. erms of normalized conductance of the resistance
emulator input port, defined as
2.2. Model of therectifier without filter vV
— m
I G= . (13)
In the same manner as for the rectifier with fjltier Rlour
the case the filter is omitted waveforms of thetifiec Numerical computation is performed applying GNU

voltages and currents are obtained solving thevedgnt  octave, and obtained dependence of the input durren

circuit of Fig. 3. For the continuous conductioteival, THD on G is presented in Fig. 4, where the full line

when both DA and DB conduct,, =V,g, Vg =Vgo, @aNd  corresponds to the continuous conduction mode, ewhil

iy =V,,0/R. Inthat case the dashed line corresponds to the discontinuous
conduction mode.

in=lour — Va0 Vavo (7) According to the diagrams of Fig. 4, the result of
Vao “Veo R optimization in the case the filter is applied lmit the
and minimum of the input current THD ofHD,;, = 401%
i =lour _AM_ (8) is obtained forG = 662 in the continuous conduction
Vao ~Veo R mode, requiring the resistance emulator to pro8e&&%
This applies fori, >0 andig >0. of the input power. In the case the filtering isithed,

minimum of the input current THD ofHD,,, = 422%

In the case DB is offy, =v,,,
is obtained forG = 650 in the discontinuous conduction

Vg = AOVAOZA (9) mode, and the resistance emulator processes 8.40% o
Vao *+ 2Rlour the input power.
Co_ Vo Comparison of the simulation results indicate that
la =l 'ZIOUTV + 2RI (10)  poth of the rectifiers provide about the same
A0 ouT

performance. Advantage provided by applying filigri

andig =0. This applies forvg <vg,. of the resistance emulator output current is shghetter

Similarly, when DA is off THD, while omitting the filter provides slight rediion
_ . Vgo +2Rlgyr 11 of the power processed by the resistance emulator.
Va = "Veo Vgo = 2Rlgyr (11) According to the results, for applications in piegtthe

solution without filtering would be advised, regiass
slightly higher THD values.

- N (12)
VBo ~ 2RIOUT
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applied in front of the boost converter to redube t
interference.

provide experimental
theoretically obtained results, a rectifier withe thated
power of 2 kW is built. The rectifier is intended t
operate with the phase voltage amplitudé/Qf=140V ,

at the line frequency 060Hz . The resistance emulator
is built using a transformer with the turns ratio3.2,
single-phase diode bridge, and a boost convertén wi
current mode control, as depicted in Fig. 5. Aefilt
consisting of Lg, =140uH and Cg, =320nF is

CONTROL

Fig. 5.Resistance emulator

4, EXPERIMENTAL RESULTS
verification

electromagnetic

capacitor of the boost convert&, =200uF, is applied

to absorb spectral components of the diode curaént
high frequencies, in the order of magnitude of the

switching frequency.
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Similarly,

Inductor ofL, =500uH

applied. If low frequency filtering, at several riples of
the line frequency is needed, the additional filtel

consisting of L =125mH and C. =2200uF, shown

in Fig. 1, could be applied. The resistance emulafo
Fig. 5 is applied to emulate resistance slightlydothan
optimal, since a part of the current injection rate
optimal resistance is obtained from the currentdtipn
network losses. These losses are primarily locetate
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Fig. 6.Experimental resultsTHD(G), with filter.
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Fig. 7.Waveforms ok, andi, at I,,; =5A and
THD,,, , with filter.
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Fig. 8.Experimental resultsTHD(G), without filter.

current injection device, being modeled by a series
resistance oRR,, =135Q.

Experimentally obtained dependence of the input
current THD on normalized conductance in the curren
injection network in the case filtering of the tance
emulator output current is applied is presente#iq 6.
The diagram is obtained for the rectifier operatig
lour =5A. In the diagram of Fig. 6, the thin line

presents theoretically obtained dependence, already
shown in Fig. 4, while the crosses correspond ® th
experimental data points. The experimental resuksin
good agreement with the theoretical expectations. |
Fig. 7 waveforms of the input voltage and the input
current at the first phase of the rectifiet, and i, , are

presented in the case the rectifier is tuned taaipeat
the minimum of the input current THD.

In the case filtering of the resistance emulatapou
current is not applied, experimentally obtained
dependence of the input current THD on normalized
conductance in the current injection network isspraed
in Fig. 8. Again, the diagram is obtained for tleetifier



Tek .1 i Trig'd M Pos: 4.800ms CH2 Equivalent circuits are presented for both of the
¥ Coupling considered rectifiers, the one that applies idéedrihg
of the resistance emulator output current, and che

BW Limit that does not apply filtering. Main equations that

jon describe the models are given.
20MHz Obtained rectifier models are applied to perform

numerical optimization of the emulated resistanne i
order to minimize total harmonic distortions of tinput
Probe currents. For the rectifier that applies filterinthe
100% minimum of THD,,, = 401% is obtained in the

i Yoltage . . . g
\___.__/ \..,____/ =L continuous conduction mode, while for the rectifieat
‘““ does not apply filtering the minimum of
y THD,,, = 422% is obtained in the discontinuous

conduction mode. The rectifier without filteringgréres

slightly lower power to be processed by the reststa

. emulator, equal to 8.40% of the input power, in

min » Without filter comparison to the rectifier with filter that recesr
8.66%. Although application of the filter provides

operating atl ,,; =5 A, and the experimental results aresomewhat lower input current THD, simulation result

in good agreement with the theoretical prediction@nd the experimental experience do not justify
Waveforms of the input voltage and the input curen application of the resistance emulator outputfrilte

the first phase of the rectifier for the rectifigperating Analytical results are verified on a rectifier laatory
with the minimum of the input current THD aremodel with the rated power of 2 kW. The experimenta

presented in Fig. 9. results are in good agreement with the theoretical

The diagrams of Figs. 7 and 9 are recorded at tigedictions.
output power of aboutl150W , corresponding to the

output current |5, =5A and the output voltage . . B )

V. =230V . In both ffici f th tif [1] P. Pejowv&, Three-Phase Diode Rectifiers with Low
outr ™ - Ih both cases, efliciency ot he rectliers™ = o rmonics—Current Injection MethodsSpringer,
is measured to be about 95%. 2007, ISBN 978-0-387-29310-3.

Comparison of the waveforms of Figs. 7 and 9 yielgh) 5. singer, The application of loss-free resistors in
conclusion that the waveforms are almost the same: power processing circuits,1EEE Transactions on

According to the analysis performed, as well as the pgower Electronics. vol. 6. no. 4 pp. 595-600, Oct.
experimental experience, it can be concluded tligits 1991.

improvement in the performance does not justifyy) p pejoy, 7. Janda, Three phase rectifiers that
application of the resistance emulator output curre apply optimal current injectioh IEEE Transactions
filter, although the reasons to avoid the filtee aot that on Aerospace and Electronic Systems, vol. 38, no. 1
clear as in [4]. pp. 163-173, Jan. 2002.
[4] P. Pejow, P. Bozow, D. Shmilovitz, ‘Low
5. CONCLUSIONS harmonic, three-phase rectifier that applies cutren

Resistance emulation in three-phase diode bridge injection and a passive resistance emulatdEEE
rectifiers that apply suboptimal current injectios Power Electronics Letters, vol. 3, no. 3, pp. 9610
analyzed in this paper. In comparison to the third Sept. 2005.
harmonic current injection, where passive resigangs] L. Karbunar, P. Pejo¢j “Current programming in
emulation might be applied [4], suboptimal current three-phase diode bridge rectifiers that apply
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15-%ep—11 12:33 43,3334Hz

Fig. 9. Waveforms ok, andi, at I,,; =5A and
THD
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