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Abstract % The paper presents a novel extension of a conventional three-phase diode bridge rectifier with ca-
pacitive smoothing of the output voltage which improves the power factor at the AC input and which reduces the
ripple current stress on the smoothing capacitor. The basic concept of the proposed system is the arrangement of
an active element between the output of the diode bridge and the smoothing capacitor which is controlled in a
way that it "emulates’ an ideal smoothing inductor. With this the input currents of the diode bridge showing usu-
aly high peak amplitudes are transformed to a 120° rectangular shape which ideally result in atotal power factor
of 0.955. The active element mentioned before is realized by a low-voltage switch-mode converter stage of small
power rating as compared to the output power of the rectifier.

Starting from a discussion of the drawbacks of three-phase diode rectifiers with capacitive smoothing, the paper
describes basic concept, stationary operation and dimensioning guidelines, design of the control and the transient
behavior of the proposed system. Finally, measurements taken from alaboratory model are presented.

1 Introduction

The widely applied three-phase diode bridge rectifier (with a single smoothing inductor located at the DC side as
shown in Fig.1 (a) or with three inductors at the AC side) provides a very cost-efficient and reliable solution for
feeding the DC link of power electronic converters (e.g., for drive systems or switch-mode power supplies) from
the AC mains. The essential drawback of this system, however, is the significant harmonic stress on the AC
mains caused by the largely non-sinusoidal line current shape (cf. Fig.1 (b)) which results (despite of the rela-
tively good displacement factor cosj , due to the operation without phase control) in a poor total power factor | .
Furthermore, the current harmonics also lead to a significant ripple current stress on the DC link capacitor lo-
cated at the output side of the rectifier. As shown in Fig.2 both drawbacks mentioned before can be reduced by
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Fig.1: Mains current and output voltage time-behavior of a three-phase diode bridge rectifier. (a): power circuit; (b): mains
current i . (ch.1: 20A/div) and output voltage u, (ch.2: 150V/div), measured power factor | = 0.75; parameters:
mains voltage 400V (rms, line-to-ling), L » 1.5mH, P » 5kW, 2 ms/div.
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Fig.2: (a): Mains current shapes for different values of the smoothing inductance L ; (b): total power factor| and cur-
rent stress of the smoothing capacitor in dependency on L ; furthermore, the product LI, , X s Which corre-
sponds to the rated power (size) of the smoothing inductor is shown by the dashed curve; parameters: mains volt-
age 400V (rms, line-to-line), P » 5kW.

increasing the smoothing inductance L (for L® ¥, i.e. pure 120° rectangular current shape, the total power
factor becomes | =3 =0955 and I, decreases to zero). However, this would significantly impair the power
density of the rectifier due to the bulky smoothing inductor. Furthermore, the increased L also worsens the dy-
namic behavior of the DC link voltage because the characteristic impedance Z* = L/C isincreased as compared
to the load resistance R which reduces the damping of the LC smoothing filter. This problem is additionally
intensified in case of the supply of non-linear loads, e.g., constant power loads showing a negative small-signal
input impedance.

2 "Active Smoothing" — Basic Operating Principle

The basic approach of the system presented in this paper is the replacement of the passive smoothing inductor L
by asmall power electronic unit (cf. Fig.3) which in the stationary case compensates the voltage ripple u,. of the
diode bridge and guarantees a well damped dynamic behavior by proper control. Idedly, this system acts as a
pure current sink to the diode bridge as thisis also the case if a step-up DC/DC converter is connected in series
to the output of the B6 circuit as has been proposed in [1] (cf. Fig.4). As shown in [2] such a system is charac-
terized by a very high utilization of the active and passive components as compared to other active three-phase
rectifier circuits. Nevertheless the step-up converter has to be designed concerning the total output (DC link)
voltage and the total output current. Therefore, for rectifier systems connected to the 400V three-phase mains
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Fig.3: Replacement of the smoothing inductor by an active system u,, which compensates the output voltage ripple u,. of
the diode bridge rectifier.
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Fig.4: Active rectifier based on a series connection of Fig.5: Active smoothing according to Fig.3 by applica-
a conventional three-phase diode bridge with a tion of a small switch-mode converter emulating a
step-up converter located at the DC side [1]. large smoothing inductor.

(rms line-to-line voltage) with resulting DC link voltage levels of > 600V turn-off power semiconductor devices
with a blocking capability of 3 1000V (IGBTSs) have to be used. Due to the limited switching frequency of such
devices (< 10...25kHz) there remains a substantial filtering effort.

On the contrary the power circuit of the active smoothing system proposed here according to Fig.3 (realized
by the switch-mode topology of Fig.5) only has to be designed regarding the voltage ripple of the B6 rectifier
(i.e., »10% of the total DC output voltage). Therefore, majority carrier based power semiconductors (modern
low-voltage high-current MOSFETs and Schottky diodes) are applicable which allow switching frequencies
fs =+> 100kHz and lead to a significantly improved power density. The voltage u,, is generated by a switch-
mode topology which results from the well-known 4Q-H-bridge where two transistors and two free-wheeling
diodes can be omitted due to the unidirectional current flow given by the rectifier diodes. In the ideal case there
would be a power flow across the switch-mode stage showing a frequency of 6f, ( fy ... mainsfrequency) with
a zero average value. This results from the ideally pure DC current i =1 (for fg ® ¥ ) in connection with the
pure AC voltage u,,. Therefore, neglecting the losses of the power semiconductors, the DC link voltage U, of
the switch-mode stage could be provided by a capacitor and no auxiliary power supply would be necessary. This
can be compared to a passive smoothing inductor which is— if its losses are neglected — also a pure energy stor-
age element. The proposed active system realizes this energy storage behavior by "transformation” into the DC
link capacitor of the switch-mode stage. However, the energy storage by electrolytic capacitors (usually applied
in DC voltage link systems) shows a very high specific energy density as compared to the magnetic energy stor-
age capability of coils, which leads to a high power density of the active smoothing system.

3 Stationary Operation — Dimensioning Guidelines

In the following the voltage and current stresses on the active and passive components of the switching stage
shall be calculated in order to give guidelines for the dimensioning of the system. First, the DC link voltage U,
has to be chosen. According to Fig.3 () we get U, 3 0.089%) =U X3b - 3/2) for guaranteeing controllability
(U ... peak value of the diode bridge output voltage). Considering a sufficient voltage margin for a practical re-
aization U, is set to about 10...15% of U , i.e. 60...90V for applications at a 400V mains (U = 566V). The volt-
age across the active smoothing stage

Uy, =Ugq - Uy =Uyq - uy =2U - U cos(w, ) 1)
(valid for the angle (time) interval - ... +% with Uy, = U, o :§U and w,, ... mains angular frequency) has to

be generated as local average value (averaging within the switching period T ) by the switching stage via pulse
width modulation with the duty cycle d=0...1 (cf. Fig.6):
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The combination of Egs.(1) and (2) givesthe duty cycle for the transistor d and 1- dfor the diode
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which are required as weighting functions for the calculation of the avg- and rms-values of the transistor current

+p/6 1 3+p/6 1
e =— O d(W, t)dw t==1 I e =~ O (W, t)dw, t =—=1 . (%)
T,avg p.,S/)sl N N 2 T, p_g N N \/E

These equations show that the current stress is independent of the ratio U./J which can be explained by the
fact that due to the pure AC characteristic of u,, the average duty ratio is equal to % . Therefore, the current
stress of the diodes becomes equal to the values of the transistors (omitting the detailed calculation here):
lpag = lrag @nd | The ripple in the smoothing inductor Lg and the current stress on the DC link
capacitor C depends on the operating mode of the pulse width modulator. If both MOSFETSs are gated by the
same control signal s, =s, the voltage u,, shows the values +U. and -U. (2-level control, cf. Fig.6 (a)), the
capacitor current results tol.,. =1 and is not dependent on U,/ (contribution of current ripple Di is ne-
glected; cf. i and i in Fig.6 (a)). It is preferable, however, to shift the control signalsby 1T to get 3-level con-
trol (Fig.6 (b) shown for d >3 ). There, due to the tighter voltage approximation (+U. , 0, -U. ) and the dou-
bling of the effective switching frequency the maximum current ripple DI isreduced to 1 as compared to 2-
level control:
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Furthermore, also the current stress on C is reduced, but it now depends on the ratio U, /(j . Omitting the de-
tailed calculation, |, resultsto
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4 Loss Compensation — Control Concept

A calculation of the losses based on the relationships given in the previous section results for the switch-mode
stage on total in less than 1% of the rectifier output power. Without any counter-measures these losses would
have to be covered by an auxiliary power supply feeding the DC link voltage U. . However, by application of a
proper control it is possible to cover the losses out of the power flow through the el ectronic smoothing stage. The
control concept shown in Fig.7 gives one possibility for a realization where a "virtua" resistor R located be-
tween 1-2 is emulated by the switch-mode stage. The power "dissipated’ by R (resulting from the pure AC
voltage u,,) is fed into the DC link and compensates the losses. The value of R has to be adapted by a voltage
control loop for U. which isnot shown in Fig.7. Alternétively, it would & so be possible to achieve loss compen-
sation by asmall DC component of u,,.

The basic current control of the system shown in Fig.7 is realized by a simple hysteresis controller with the
reference value i'=i, +u, /R (output current pre-control) which leads to afirst order response of u,, (DC com-
ponents of u,, will be suppressed according to the time constant RC, ). The simulation results given in Fig.8
demonstrate the time behavior of a system for the following parameters. U, » 540V (400V mains), | = 10A
(P» 5.4kW), DI =2A, Ly =200pH, U, =70V, fg . »100kHz for different values of R (20W for the first
fundamental period, 200W for the second period). The current | ., (averaging within a 60°-interval of the fun-
damental period) shows the resulting power flow into the DC link capacitor C for compensating the losses.

Basically, Fig.7 would also suggest to measure the current through the output capacitor C, instead of meas-
uring i and i, . However, the drawback of a"perfect” pre-control by i, isthat it counteracts the physical reason
for providing G, , i.e., the energy storage capability. If, e.g., the rectifier feeds a PWM drive, i, has rectangular
shape with the pulse frequency of the drive inverter. In this case a proper low-passfilter in the i, -path of Fig.7 is
required that i iscontrolled to the local (pulse frequency) average value i oy -

The essential drawback of the hysteresis current control, the 2-level behavior as described in the section be-
fore, can be avoided by the application of afixed frequency, phase shifted pulse width modulator-based current
controller. The much lower current ripple DI (cf. Fig.6) showing twice the frequency f; will significantly ease
the dimensioning of the EMI filter located at the mains terminals or at the output of the diode bridge, respectively
(not shown in Fig.7). (Remark: The transition from 2-level control to 3-level control will reduce the remaining
voltage ripple at the EMI filter capacitor by a factor of 8.) For a practical realization the phase shifted gate con-
trol signals s, and s, will be generated, e.g., according to Fig.9 (a). Due to the pre-control by i, the current
control can be performed with the P-type controller R instead of the switching (variable frequency) hysteresis
controller in case of the 2-level control. A possibility for the loss compensation (i.e., the control of the DC link
voltage U, ) is the addition of an offset reference current |1, (defined as output signal of the U, -controller) as

Fig.7: Basic control concept
(2-level hysteresis cur-
rent controller) with
output current pre-con-
trol and loss compen-
sation (feedback path
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Fig.8: Simulation of the active smoothing concept (2-
level hysteresis current control according to Fig.7)
for different gain values R (see text); 500V/div,

Fig.9: Generation of control signals for 3-level
PWM control based on phase shifted pulse
width modulators (a) and control oriented

10A/div (iy g ), 2A/div (1 ., ), 4ms/div. equivalent circuit diagram (b).

shown in the control oriented equivalent circuit diagram Fig.9 (b). This results in a small DC component |, xR
of the voltage u,, which leads to a stationary power flow of P=1x, xR compensating the losses of the switch-
mode stage. Figure 10 presents the diode bridge input and output currents taken from a laboratory model of an
active smoothing rectifier with loss compensation (cf. first fundamental period of Fig.8). The measured total
power factor | =095 comes close to the theoretically maximum of = =0955.

Findly, the start-up of the system should be discussed briefly. As is the case of conventional diode bridge
rectifiers, also the proposed concept requires a resistor to limit the start-up inrush currents at t =t, (Fig.11).
However, now there exists a series connection of the main DC link capacitor C, , the DC link capacitor C and
the diodes D,, of the switch-mode stage (cf. Fig.7). Due to its higher capacity, a lower voltage appears across
C but usually would rise over the nominal value U, . For avoiding this, the PWM stage is turned on with 1:1
duty ratio at t =t, when U reachesits nominal value. Because of u,,,, =0 the charging of C is stopped and
C, ischarged to the value U, ; the control loops of the active smoothing can be activated subsequently.

Fig.10: Mains current iy .(ch.1) and diode bridge

output current i (ch.2) taken from alaboratory b S
model of an active smoothing rectifier, power
factor | =095; parameters. mains rms volt- Fig.11: Smulation of the start-up (see text). Scales: 15A/

age 220V (line-to-line), 5A/div, 2mg/ div. div; 200V/div ( U, ), 30V/div ( U. ), 15ms/div.



6 Conclusions — Future Developments

The proposed concept improves the mains behavior of three-phase diode bridge rectifiers based on the replace-
ment of the passive smoothing inductor by an active switch-mode stage. The rated dimensioning power of this
switch-mode converter, which can be realized by application of modern high-current low-voltage MOSFET de-
vices, is relatively small (»10%) as compared to the total rectifier output power. The applicable semiconductor
technology leads to a system of very high total power density and efficiency. Furthermore, besides the improve-
ment of the total power factor at the mains, the active smoothing also results in alower current stress of the out-
put (DC link) capacitor. The losses of the switch-mode stage (which are < 0.5 ... 1% of the total output power)
can be compensated by proper control. Due to this, only avery small (or even actually no) auxiliary power supply
would be necessary.

The basic idea of the described active smoothing is the compensation of the relatively small output voltage
ripple of a three-phase diode bridge rectifier by a low-voltage switch-mode stage. As the example of Fig.12
shows, this concept also can be applied advantageoudly for three-phase switch-mode power supplies. With this
topology, an additional advantage appears due to the fact that the ripple compensation stage ("auxiliary con-
verter", consisting of T and D) aso acts as a step-down converter. Therefore, the primary isolation stage
("main converter" T,...T,) can be equipped with transistors with lower blocking capability. For systems con-
nected to the 400V mains (U,, » 540 V) it would be possible to use modern 600V MOSFET devices (CoolMOS
etc.) for the main converter (eg., U, » 450V, U, » 250V). In the case at hand the output voltage contral is
performed viathe auxiliary converter. The main converter, which is current-fed by the auxiliary stage, is operated
at full (1:1) duty cycle, Ly acts as (reflected) output smoothing inductor. Contrary to the active smoothing con-
cept analyzed in the previous sections, here the "low-voltage switch-mode stage” (i.e., the auxiliary converter)
has non-zero average power due to the step-down behavior (U, <U,,). Depending on the input voltage level
and ripple amplitude the power delivered by the auxiliary converter is about 10...20% of the power of the main
converter. It should be noted that there exists a specific ratio of the main and auxiliary converter power levels
defined by the voltage relationship (the output current of the diode bridge rectifier feeds both converters). There-
fore, it is hardly possible to feed independent loads by the two converters. A detailed analysis of this switch-
mode power supply topology, which seems to be advantageous if the input and output voltages are specified
within arelatively narrow region, will be presented in future paper.
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