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Abstract

One of the most attractive rectification circuit for three-phase AC-to-DC conversion is the very well
known three-phase diode (B6) bridge rectifier. Simplicity of circuit and design, high efficiency as well
as robustness and cost-efficiency are major beneficial outcomes of this type of rectifier.

For applications which require high input current quality (low THD and a high power factor) active
three-phase rectifiers (e.g. VIENNA rectifier) have to be used which in general are dedicated systems
fully replacing the passive rectifier.

For specific applications which do not require a controlled output voltage (e.g., AC drives), however, a
concept seems to be attractive, which opens the opportunity to optionally extend an existing B6 rectifi-
er to a low harmonic input stage. In order to emphasize additional benefits and drawbacks of the op-
tional third harmonic injection circuit (employing two half-bridge branches) compared to an active uni-
directional rectifier commonly used in industry (e.g. the VIENNA rectifier), this work is engaged in an
opposed comparison of different performance indices as system efficiency, switching/conduction loss-
es, rated inductor power etc.

1. Introduction

The passive three-phase diode bridge rectifier (B6) is an attractive solution if a highly efficient, robust
and simple low-cost rectification circuit is required which is operable at a fixed output voltage level
(dependent on mains input voltage levels). Major field of interests for such a rectifier are e.g. AC
drives, switch-mode power supplies, charging stations for electric vehicles etc. The B6 (as indicated in
Fig. 1) mainly consists of a three-phase diode bridge (D;-Ds), a smoothing inductor (Lpc - mainly lo-
cated at the DC-side) and an electrolytic capacitor output stage (C,). Due to the rather few component
count and the purely passive implementation of the circuit, it is indeed a very cost effective mains input
stage. The electrical characteristics of the topology are however limited by a power factor of 0.9...0.95
and a rather high harmonic input current distortion (THD;) of up to 48 % (nominal load operation).
If a low harmonic circuit on the other hand is required (e.g. by regulation) without fully redesigning the
passive bridge an optional
active current shaping con-
cept may be of interest which
is formally known as "third
p harmonic injection" (THI) prin-
I%‘;:teiz; h3 Eﬁ‘;"‘i’:t ciple (discussed in [1]). The
Device : Netvgorfl;( idea is to separately design
an active circuit which is fitting

Vree . the electrical characteristics of
- - the already existing passive
| ' i three-phase rectifier and acts

W as optional upgrade for the B6

Fig. 1: Basic concept of the third harmonic injection principle. The optional bridge. The equipped con-
active upgrade consists of a "current shaping network" (CSN) and a current verter system offers an ade-
injection device (CID) which are responsible for obtaining properly shaped quate solution to provide unity

sinusoidal mains currents iy;. power factor (\= 1) and elim-
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Fig. 2: Third harmonic injection concept employing 2 half-bridges branches as proposed in [2,3] and appropriate
simulated most relevant voltage and current signals Vs, in3, ipos, Lep, i, Vom @nd I, for 10 kW rated output power.

inates low harmonic currents at the AC-side input (THD; <5 %) for a wide power range.

The optional active power electronics network, is going to be connected to the passive bridge at five
points of the rectifier, which are typically accessible. The upgrade generates currents i, and i., which
are going to be injected into the positive and negative bus bar of the passive bridge (current shaping
network). These currents are required in order to compensate the unfavorable 300 Hz harmonic cur-
rent of the LC output filter current i and furthermore form 150 Hz sinusoidal wave shapes. Purely
sinusoidal input currents are finally achieved by filling up the naturally (due to passive rectification)
evoked zero current gaps by a third harmonic current i,; which is going to be injected (current injection
device) into the appropriate mains phase.

Several active circuits which are able to fulfill these requirements have been proposed and presented
already (cf., [2]).

2. Pertained Competitive Rectifiers

One feasible implementation of the third harmonic injection rectifier is depicted in Fig. 2. The black box
which was labeled as "current shaping network" (CSN) has e.g. been replaced by a series connection
of two half-bridge legs. Each half-bridge can either consist of 2 SiC - MOSFETs (or IGBTs). The DC -
link of the cell is defined by 600V for proper operation (M = 3Vyu/V. = 0.8125) of the circuit, which
consequently leads to 900 V/1200 V SiC devices. The current injection device (3 bidirectional switch-
es) which forms the interconnection between AC-side input and DC-side current shaping network can
be implemented by (i) back-to-back connected IGBTs/SiC-MOSFETs (reverse conducting IGBTs ap-
plicable and only 1 DC/DC converter required for 1 bidirectional switch gate drive), (ii) reverse block-
ing IGBTs, (iii) one active switch (e.g. IGBT/MOSFET) and 4 diodes or (iv) 2 diodes and 2
IGBTs/MOSFETSs.

In-between CSN and CID an optional third inductor Ly; is considered in order to further improve the
input current quality of system (as discussed in [3]). A switching frequency of 72 kHz finally leads to
inductance values for L, L, and Ly of 190 pH (for 10kW nominal output power).

Alternatively to the proposed rectifier concept, one of the most attractive PFC circuits for unidirectional
power flow, is the VIENNA rectifier (e.g. [4-6]). There are different topologies available. The VIENNA
rectifier depicted in Fig. 3 has a very low number of active and passive switches and is, therefore,
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Fig. 3: VIENNA rectifier with 6 600 V MOSFETs which form the interconnection between AC-side and output
capacitors midpoint M and diode bridge (typically implemented fast recovery diodes).

im(A)

going to serve as competitive partner for this investigation. It has to be noted that a comparison of
these two active rectifiers should NOT identify a superior concept (which is indeed not possible due to
completely different attributes of both rectifiers). The investigation should merely reveal benefits and
drawbacks of the THI circuit by comparing the upgradeable rectifier to a today well established indus-
trial standard PFC concept.

3. Benchmarking Specifications

A reliable comparison between the two active systems shall allow an advanced benchmarking of the
THI rectifier. Therefore, different performance indices (which are going to be used for this comparison)
are introduced, listed and shortly described in the following.

A. Diode/MOSFET VA-Ratings: The VA-ratings of a switching component is defined by multiplication
of maximum blocking voltage and peak current of the appropriate semiconductor. This factor hence
gives a prediction of the relative maximum stress of diodes (up ') and transistors (us"') in a power elec-
tronics circuit and can hence be determined by

#_1 _ Zn vS,maX,niS,max,n and Il_l _ Zn vD,max,n iD,max,n
S Po D Po .

B. Rated Inductor Power/Capacitor Current Stress: Two major performance aspects in order to classi-
fy inductors and capacitors in an electrical way, are to introduce a rated inductor power index p; and a
normalized capacitive current stress equivalent pc of all implemented inductors and capacitor stages
within the converter system.

Zn IL,nAIL,pkpk,nLc,nfs Zn IC,rms,n
pL = P , Pec =77
o o

C. Inverse Power Density of Inductors: Besides electrical characteristics of inductors, also a volume
dependent design might be of interest for the final implementation of the total rectifier system. There-
fore, the power density of the implemented inductors is selected as promising benchmark indexing.
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— Zn VLn
1 )
&, = _PO
D. Switching Losses of Semiconductors: Furthermore, the switching losses of all impaired compo-
nents are compared to each other with respect to the total output power P,. 1, can be qualitatively

determined by

_ Zn IS,avg,n VS,n

T, =
P
Py

E. Conduction Losses of Diodes and Switches: Conduction losses of switches and diodes can be
opposed by evaluation of averaged and rms current values related to the output current (cf., [7]).

_ Zn IS,rms,n

_ Zn ID,avg/rms,n
I, ’ '

dc A

Tc

E_System Efficiency: Finally the performance of the total system is going to be determined by com-
paring total losses of both active systems.

1 _ Pin - Po
TR
4. Comparative Values - THI

In this section, the previously described performance indices are now going to be derived analytically.
The VA-ratings of the implemented semiconductor is the first parameter of interest in this evaluation.
The THI rectifier diodes (D).¢) are stressed with a maximum blocking voltage which is dependent ac-
cording to the peak line-to-line voltage situation (Vpmax = \2 ViL) and a maximum current which is
equivalent to Iy«. The diodes of one bidirectional switch, however, obtain their maximum while the two
remaining bidirectional switches initiate the current commutation of i,;. This commutation however
takes place before the applied line-to-line voltage attains its maximum value. The maximum blocking
voltage of the diodes (and thus also transistors) of bidirectional switches is hence defined by 3 Vyy/2,
and the maximum current is defined according to i3 (whose peak value is defined by Ixyi/2).
The switches of each half-bridge are stressed with the peak current of injection currents i, i., and the
DC voltage of Cq,, C.,, respectively. The VA ratings of switches and diodes hence lead to
L, IVIy+ 16V, _,_ 6VNIN(8V3 +3)

HUs =~ 4 Hp =~ 8
In order to evaluate the current stress of capacitors, 3 different capacitor banks have to be evaluated
(Cepy Cen @and C,). C,, is characterized by I; , /2. Current stress of half-bridge capacitors Ce,, C.,, can
only be determined numerically and result in 3.6 A,,s for an output power of 10kW. The normalized
capacitive current stress pc of all implemented capacitors of the THI rectifier then results in

. 7L,ac + 2\/zlccp ith 1 _ \/ng . (3) 3 (3)
pc = 720 , wi Lac = g T sin | arccos (— —arccos () |.

The rated inductor power (of the appropriate implemented chokes L, Lc,, Ly and Lpc) is dependent
on current rms values I, I, 3, I1, and the appropriate maximum peak-to-peak current ripples A/,
Al.,, Alys, AlL, at the operated frequencies f;, 6 fy. The required appropriate parameters are defined by

. 2m3 =24+ 93 [T\ I [2r=3V3 Iv 202 (Tua\’
Icp/n:IN + = ) 1h3: - | IL: - _+2 = )
241 V2Iy 2 s 2 3 In
V.M

_2MV (1 —M)
e/n = 3f:€ch/n '
The rated inductor power hence calculates to
_ 2epmBlepnLep/nfs + InsAlnalnafs + 61LALLpcfy

P, '
In order to identify conduction losses of switches (rms) and diodes (avg), the current stress of corre-
sponding components is required which can be finally determined by

\/§7N 7N ~ 21 — 3\/§
1D1-6,avg = 7' IDiab,avg = E (2 - \/§)' ISiab,rms = IN W
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The current stress of both half-bridge semiconductors can again only be calculated numerically and
eventually result in 3.6 A, and 5 A, for the positive (S:) and negative switch (S.) of one half-bridge,
respectively (10 kW nominal load operation). If all derived characteristics are considered, conduction
losses of both, diodes and transistors thus result in

61y 3IyV 21 — 3V3 + 2vV6m (Is, + Is)
c= -7 Tc = .
m I, \% 67'[10

The switching losses of the system can be "qualitatively" determined by utilizing the averaged pulsed
current of the each switch (assuming linear dependency of the switching losses on the switched cur-
rent) and applied drain source voltage (during the off state of the transistor). It has to be noted, that the
bidirectional switches of the THI rectifier are only turned on and off twice during one mains period.
Switching losses of these device are hence negligibly small. The only devices which are operated with
switching frequency f; are the half-bridge semiconductors (S;, S.). The averaged values of these com-
ponents can be determined numerically and lead to 0 A,,, and 1.6 A,,,, respectively. 1, therefore can
be assessed and yields

The coils of the injection cell are designed such to allow a maximum ripple of 20 % I, which results in
an inductance value of ~190 uH for the required power level of 10kW. The implemented inductor
(stacked core assembly) leads to a core volume of 0.074 dm® for each inductor (stacked core: 2xT184-
14, windings: 59). The necessary passive three-phase rectifier choke is a 300 Hz inductor and hence
considerably larger than the injection coils (as it is typically designed for a maximum input current
THD; value of 48 % for B6 standalone operation). The volume of the implemented inductor results in
0.57 dm’ (not optimized). The reciprocal power density of all inductors of the THI rectifier is defined by
el = 3V + Vinc
B

The efficiency of the total system was calculated to be ~98% and 97.8% has been measured
(10kW/72 kHz prototype) for a nominal load of 10 kW. The total losses of the system can therefore be
assessed and result in 1-n= 2.2 %.

5. Comparative Values - VIENNA

The maximum blocking voltage of the VIENNA rectifier diodes (D) is dependent on the required (and
controllable) output voltage V,. The maximum diode current is (as for the THI rectifier topology) the
peak mains input current /. Blocking voltages levels of each diode of the bidirectional switches only
have to withstand V,/2. Similar assumptions as discussed for diodes of the bidirectional switches also
apply for appropriate MOSFETs. The VA-ratings of implemented switches therefore results in

9W,Iy 3V,Iy
"R TR
The capacitor current stress of the VIENNA rectifier output capacitors (both connected to the midpoint
M) can be evaluated in an analytical form. The normalized capacitive current stress p¢ of the required
output capacitor stage of the rectifier is therefore defined by

In /5\/§M 9M2 2Vx
pC—ZZ . —? with M—VO.

In order to characterize the rated inductor power of the VIENNA rectifier, it is assumed that the maxi-
mum current ripple does appear at ¢y =0° which is valid for a modulation index M>0.85
(Vo <760V). For smaller values of M, Al m.x is located at gn = 30 ° which is neglected for the compar-
ison at hand. The inductor rms current is defined by the input current rms and results in 7 ;ms = INms-
The rated inductor power then leads to a p; of
3 IzV, /(8 4
=15 NPO°(§M—M2 —§>.

The boost inductors of an 800V VIENNA, are implemented as Schott 193 type coils. The total volume
of all 3 chokes results in 0.285 dm®, which leads to an reciprocal power density of 0.029 dm*/kW.

-1

Hp !

and Us

ISBN 978-3-8007-4186-1 1673 © VDE VERLAG GMBH - Berlin - Offenbach



PCIM Europe 2016, 10 — 12 May 2016, Nuremberg, Germany

In a next step the conduction losses of transistors and diodes are going to be calculated. The transis-
tor conduction losses are represented by the rms value of its drawn current for one mains period. The
diodes conduction losses are, however, characterized by its averaged current values. The evaluated
values of transistors and diodes conduction losses eventually result in
T, =6 l—ﬁ and O =EI—N
I T 1,
The switching losses can be again "qualitatively" identified by the averaged current of the appropriate
semiconductor. The switching losses of S;_¢ hence result in
W, /1 M
B=37p (%_Z>'
The efficiency of the VIENNA rectifier for 800V output voltage was documented in [7] and has been
evaluated to be 97.3%.

6. Comparison of Results

Results of the performance evaluation for both rectifiers (implemented THI prototype cf., Fig. 4(a)) are
going to be summarized in two different "radar diagrams" (VIENNA rectifier with 650V and 800V
regulated output voltage V) as depicted in Fig. 4(b) and e.g. used in [8]. The output voltage levels of
the VIENNA rectifier are chosen such to provide comparison values for a minimum achievable output
voltage (650 V- if midpoint voltage control is not considered) and one commonly used output voltage
level (800V) of the VIENNA rectifier. It is however important to bear in mind that the THI rectifier is
characterized by a fixed output voltage according to the mains voltage situation (537 V). The variation
of the output voltage of the VIENNA rectifier should therefore only illustrate the modification of the
selected parameters of the VIENNA in comparison to the THI rectifier. Predefined specifications of the
rectifier systems which are used for benchmarking are given in TABLE I. Results of the calculated
performance indices are listed in TABLE Il. The performance parameters are chosen such, that a
smaller value emphasizes a good system behaviour. One conspicuous feature of the THI rectifier is
the small values of conduction and switching losses of diodes and transistors. This is mainly evoked
due to the fact that the additional active converter stage only has to transfer a small amount of output
power (~ 6 %) and process approximately 17 % of reactive power. Additionally, it has to be considered
that, although rated inductor power of both circuits seem to be of similar value, the implemented induc-
tor volume of the THI rectifier is definitely higher than that of a VIENNA rectifier. This underlies the fact,
that the THI rectifier system requires an additional 4™ inductor (due to passive rectification). This coil is
however electrically characterized by a 300Hz current ripple and its size majorly defined according to
the specified THD; for B6 standalone operation. Hence, no shrinking due to increased switching fre-
quency is possible for the volume and design of Lpc.

Furthermore, as can be read from TABLE Il, both rectifiers obviously show strong- and weak-points.
Drawbacks of the THI rectifier are for example

- the high inductor volume, which is majorly determined due to the 300Hz choke (which belongs
to the original passive rectifier),

- the relatively large component count (4 additional switching devices) compared to the VIENNA
rectifier (however it has to be noted that 6 switches S;; of the VIENNA rectifier are stressed
with switching frequency, but merely 4 switches S, of the THI rectifier),

- higher complexity of the total system

- no regulation of output voltage V, available (fixed according to mains voltage situation).

On the other hand, however, there are numerous aspects which militates in favor of a THI rectifier
system implementation, as e.g.

+ robustness (still operable in B6 standalone mode even if injection cell has to be turned off e.g.
due to malfunction) which is primarily attributed to its

+ optional implementation,

+ no high frequency common mode voltage vcy (see Fig. 2) at the output of the total system
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TABLE I: Specifications of the two benchmarked TABLE II: Results of calculated performance indices of

three-phase rectifier systems. a VIENNA and THI rectifier system.
Mains voltage: VL =400V s VIENNA  VIENNA THI
650V 800V

Mains frequency: fN=50Hz ( ) ( )

. . up’ 11.94 14.7 8.43
Active Rectifier: VIENNA
THI Rectifier (Shap- 2 Half-Bridge ps' 3.98 4.90 4.38
ing clreut): Branches % 1.53 2.71 1.73
THI Rectifier (Injec- 3 Bidirectional
tion circuit): Switches T 0.27 0.56 0.2
Switching frequency:  f;=72kHz. 5. )53 312 709
THI Cell DC-link I
voltage: V=V =600V 0.94 1.41 0.68
THI output voltage _
(uncontrolled): Ve=537V L 0.24 0.15 0.15
VIENNA output volt- - e (dm’/kW 0.029 0.016 0.057
age (controlled): Vo=650V..800V L ( 5 )
Output power: P,=10kW L-n (%) - 2.7 2.2

CH1 20A CH3 20A M 10ms

CH2 20A CH4 400V
(a)
T T
S\éva ’ Rat. Ind. s Rat. Ind
&L 0.28 Power p &L pL
Inv. Pow. oY Inv. Pow. o
Den. Ind. 104X~ S 015 / - Den. Ind. *'%
. — \ Cap. Cur , Cap. Cur.

THI recti‘ﬁer /) \ stress THI rectifier

T¢ { / /o008 \ 0. 8 'DC Tc
Cond. L Cond. L

Sw. IENNA Sw. VIENNA
Cond. L Jo=650V cond.L. 1V, =800V

D. 4 D.
1-n
P
~ Total Sys. e
VA-Rat Losses  VA-Rat, /60
Sw. 1 VA-Rat. ' .
Ug b, #p Hg D. fHp

(b)
Fig. 4: (a) Measurement results and constructed laboratory prototype of a 72 kHz/10 kW THI rectifier (cf., [9]) at
10 kW nominal load. The system input is characterized by a power factor of 0.999 and a THD; between 2-3 % (b)
Radar diagram (smaller values characterize a better system behaviour - indicated by blue arrow) consisting of main
performance indices comparing a 10 kW VIENNA rectifier with 650V...800V output voltage and a THI rectifier.
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+ only semiconductors S.,. and S, are stressed with switching frequency.

+ the active upgrade only has to process some fraction of output power
The VIENNA rectifier topology is already widely used in industry and therefore a detailed discussion
about pros and cons of this valuable and attractive low harmonic rectifier is not required in this work.

7. Conclusion

Focus of this paper is a comparative evaluation of a selected unidirectional PFC rectifier (VIENNA
rectifier) and one specific realization of a rectifier system based on the third harmonic injection princi-
ple (2 half-bridge branches). It has once again to be mentioned that, this comparison should merely
reveal advantages and drawbacks of the THI circuit by comparing electrical parameters of the up-
gradeable THI rectifier to an industrial standard PFC concept (VIENNA). It is hence important to notice
and/or keep in mind that both topologies originally provide different rectifier attributes (e.g. controlla-
ble/no controllable output voltage etc.). Besides benefits and drawbacks also several performance
indices are chosen, in order to allow a more reliable characterization and benchmarking of the THI
system. The higher circuit complexity of the THI rectifier circuit is compensated by a high efficiency,
high robustness and the fact that the THI rectifier shows no high-frequency CM voltage at the DC-
output. The circuit does not offer a controlled output voltage, however, the topology reuses the main
elements of a passive three-phase rectifier circuit with DC-side located smoothing inductor which al-
lows the extension of an existing passive rectifier circuit to a rectifier circuit with low harmonic input.
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