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Abstract—In the course of the More Electric Aircraft program
active three-phase rectifiers in the power range of 5kW are requed.
A comparison with other rectifier topologies shows that the three-
phaseA-switch rectifier (comprising three A-connected bidirectional
switches) is well suited for this application. The system is analyzed
using space vector calculus and a novel PWM current controller
concept is presented, where all three phases are controlled simatte-
ously; the analysis shows that the proposed concept yields optimize
switching sequences. To facilitate the rectifier design, analytical
relationships for calculating the power components average and rs
current ratings are derived. Furthermore, a laboratory prototype
with an output power of 5kW is realized. Measurements taken |
from this prototype confirm the operation of the proposed current
controller. Finally, initial EMI-measurements of the system are also
presented.
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I. INTRODUCTION

In modern aircraft the trend is to replace hydraulicallyeri D * % %
actuators for flight control surfaces, such as rudder arefaail v,| B L " 3
by Electro Hydrostatic Actuators (EHA) in order to implemen - 1% Sy,
the “More Electric Aircraft” concept (MEA) [1]-[3]. The EHA V2| _& Uy h S,, == |V,
units are connected to the aircraft power system by threseh v 5 L, v l% ’
rectifiers with typical specifications as listed in TABLE |h& 4 S e ] S
MEA-concept in general calls for a reduction in the size and - Dln}“ 'f ¥

weight of the electrical systems. A major issue is the weight
reduction of the power generation system by eliminating the
generator gearbox, which however will result in a variablgima Fig- l Acti_ve three—phase_r_ectifiers suitable for airc_equlicati_qns; (a) three-level
frequency of 360 Hz. .. 800 Hz. Additional, the electronistsyns 6-switch Vienna-type rectifier and (b) two-levAl-switch rectifier.

must have very high reliability, i.e. the loss of one phasestmu. . .
not result in an outage of the rectifier system. Furthermtre, Flon losses since there are always two semiconductors ctethe

loads are not allowed to feed back energy into the mains a'rilose“eS per phase. Two-level three-phase rectifier tgpedamay

therefore unidirectional rectifiers have to be used. Dueh® t° Ict)W bettter efficiencies but suffer from higher semiconsiuct
very rigorous current harmonic limits of present airborgstem voFagehs rzss._ q | level B high
standards, PWM-rectifiers with low THD of the input currentan " O" the desired output voltage leve of = 400 Vpc, hig
for a high total power factor are required. efficiency switches (CoolMOS) with a blocking voltage of 600

In [4] it has been shown that the 6-switch three-level Vienn{;imc;j RPSO”f<h 100|m9 are commer_ciall;g avr?ilablle. el:lenpe, a
type rectifier topology (cfFig. 1(a)) [5] is very well suited for reduction of the voltage stress, as given by three-levellogpes

aircraft applications. This topology’s main feature is aueed like the Vienna-Rectifier concept, is not needed. Severa- tw

semiconductor voltage stress, especially of importancehigh level three-phase rectifier topologies are presented ititdrature

output voltage levels. However, the trade-off is increasaaduc- and a comparative study can be found in [6]-{7]. The appbat
' of a standard six-switch PWM-rectifier bridge is not favoleab

TABLE I: Typical specifications of active three-phase riets in aircraft appli- because of its bidirectional power flow behavior. Additibdeaw-

cations. backs are the reduced reliability because of possible shootigh
Vs 115V + 15% of a bridge leg, resulting in a short circuit of the DC-vokaghe
Fin 360Hz ...800 Hz high current levels of the semiconductors and the involvenoé
V, 400 Vpe the MOSFET body diode, causing a substantial limitationhef t
P, 5KW ... 10 kW switching frequency. In [9] a topology using either Y-conteal or

A-connected (cfFig. 1(b)) bidirectional switches on the AC-side
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Fig. 2: Possible realizations of a bidirectional (currghipolar (voltage) switch gl()l;
using (a) two MOSFETSs and (b) a MOSFET and a diode bridge. (110) >
X
(111)

is presented. In general, the Y-connected realization shogher
conduction losses as compared to theconnected alternative,
since there are always two (bidirectional) switches cotetemn
series. A short-circuit of the DC-voltage is not possiblethwi
both topologiesFig. 2 shows two possibilities of realizing the
bidirectional (current), bipolar (voltage) switches. Theginal
Vienna-Rectifier topology uses the bidirectional switclowsh in
Fig. 2(b) instead of the two MOSFETs per phase-leg shown rrjgé
Fig. 1(a). An elegant topology, which integrates the bidirectional
switch ofFig. 2(b) into the diode bridge, is presented in [10]'[11]Calculated by

However, the conduction losses of this realization are drighan

for the realization using two MOSFET#i@. 1(a). Also, some v — g(v |+ avys + a?vy3) With a = e 1)
topologies using quasi tri-directional switches [12] opdtogies I -

operating in discontinuous conduction mode were pres€i®d The possible converter voltages; are dependent on the state
[14]. The topology using tri-directional switches increasthe of the switchess;; (s;; = 1 denotes the turn-on state of
system complexity and discontinuous-mode topologies @anrwitch S;;) and on the direction of the input phase currents
fulfil the requirements on the total harmonic distortion.eDd ;. Therefore, the available voltage space vectors change ov
its low complexity, low conduction losses and high relighil every60° of the mains frequency. Ifsi2, s23, s31) describes the
the A-switch rectifier topology seems to be an optimal choidgifferent switching states, the resulting voltage spacaetors for
for realization of a rectifier for aerospace applicationshwthe , < [~30°,30°] (ix1 > 0, iy < 0, iny3 < 0) can be calculated

3: Space vector diagram of th&-switch rectifier for the sectopy €
0°,+30°].

requirements in TABLE I. as

Besides efficiency and power density, control issues also in (000), (010) : v, = %Vo 2)
fluence the practical applicability of the circuit topolo@everal 2 oo
possibilities for the control of three-phase rectifierssexand a (001) : w,, = 3 Voe™ )
survey of these methods can be found in [15]. A control method 2, 60
based on low switching frequencies is given in [16] but careo (100) : v,,, = §V0€ 4)
used for the desired application because of the high AC ntrre (011), (101), (110), (111) : w,, =0 (5)

harmonics. A hysteresis controller as shown in [17] woulcabe

easy way to control the rectifier system, but its varying shiitg  (cf. Fig. 3).

frequency may increase the effort of EMI-filtering. A cotieo ~ Only states (000), (001), (010) and (100) show a non-zer:
using the one-cycle control method is presented in [18]thhete Magnitude and the voltage space vector of (010) is equaleto tf
the controller structure has to be changed over ey and space vector for state (000). In eaf-sector there is a redun-
the input current control is always limited to 2 phases. 18]{1 dancy of the (000)-vector and therefore only 4 differenttagé
[20] a PWM-control method for the rectifier system is propgsed@Pace vectors can be generated by the converter in eaclr. sec
however, no information was given about the exact switchinghese discrete voltage space vectors are used to apprexthet
sequence of the switches, which mainly influences the efitgie converter’s voltage reference vector

of the rectifier system. © D it B 6

In this work a novel PWM-control method using triangular @rr vy = Vo e o, = Wit ©6)
signals is presented where all three phases are contraffedta- i the time average over the pulse-period. In conjunctioif wie
neously. The resulting optimal switching sequences aré/ze@ mains voltage system

by application of space vector calculus. Additionally, greposed R 4

control method is able to handle a phase loss without chgngin vy =V /¥y (7)

the controller structure. .
the voltage difference

[l. SYSTEM OPERATION Uy —UE = Ld;iv (8)
The three switches;; (i,5 € {1,2,3}) of Fig. 1(b) are used leads to the input current
to generate sinusoidal input currents which are propaatitmthe T o
mains voltage. The discrete converter voltage space veatobe iy =1Ly e, ©)
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Fig. 4: Structure of the proposed PWM-current controllegn@l paths being equal for different phases are shown byledunes.

S g iz 3z Therefore, the idea is near at hand of controlling thAseelated
S,s ! Wl 1800 e currents. Unfortunately, this is not very convenient baeaof the
t S Liva i ~ I;’/S12 l . |, necessary clamping actions caused by the large number wf+ed
S t Ong Ly iy, Su== | ™ dant switching states. This can be avoided if the phase misrre
0“’00) o : 10D, ~——=+ in; of the rectifier are controlled. The resulting phase modtutat

signals then have to be transferred Acoriented quantities. In
this way all three currents can be controlled permanenttytae
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o
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@) necessary clamping actions are performed in a final logicjusi
before the PWM-signals;; are transferred to the switches.
Sz / vni Ly i * % % The structure of the proposed current controller is showFign 4.
S,y ) )—m 'Ql > J, All three input currents‘m are sensed by an appropriate current
S, " - s, == | Vo Sensor e_md compared with thg reference cun?jeptThe reference
001 0D | oIy| Ons Lig iy, 5'23{ ' current is generated by multiplying the mains voltage by a
[l e T reference conductancg® (defined by the superimposed output

o \ﬁ
— Pt
o
>

voltage controllerF'(s)) in order to achieve ohmic input current
() behavior. Together with a mains voltage feed-forward di¢@H|,
Fig. 5: Possible switching sequences for = —15° and equivalent circuits the current CoerHeKI(s) (realized as P-type controller) gener-

for the time interval where both switches are on; (a) Sequ&nc(00)-(001)- ate; the required converter phase voltaggg;. The bidirectional
(101)-(001)-(000),S23 = OFF; (b) Sequence B: (000)-(001)-(011)-(001)-(000) switches are connected between two phases and therefore |

512 = OFF. corresponding equivalent line-to-line converter voltage

if only average values over one pulse period are considéxid. Uryg = Urny — Vo (20)
voltage space vectors with two or three switches in the atest Vrys = Uing — VN (11)
are redundant and hence only two switches can be used taktontr ko (12)
the input currents. The remaining switch has to be permanefit Urs1 = UrNs  UrNi

in this sector. Two different switching sequences can begged are needed for PWM-generation. The delta-star transfoomati
in each60°-sector.Fig. 5 shows the corresponding modulations followed by two PWM-modulators which generate the PWM-
signals of the bidirectional switcheg ( = —15°), and equivalent sjgnals for the MOSFETSs of the bidirectional switches (teidi
circuits are given for the time interval where both switches on. tional switches are realized according Fag. 2(a)). In general,
For sequence A ((000)-(001)-(101)-(001)-(008); = OFF), the dependent on the current direction of the bidirectionaltcwyi
positive input currentiy, is shared byS;, and S5, dependent only one MOSFET has to be gated. If the second MOSFET i
on the on-states of the switches. In contrast to SequencheA, bermanenﬂy off during this time, the current is carried w i
whole current y; is carried by switchts; for sequence B ((000)- phody diode. Unfortunately, this body diode shows a relaltvge
(001)-(011)-(001)-(000)5:2> = OFF) during the state (011). This forward voltage which yields to higher conduction losselsege
results in higher conduction losses and therefore sequanise |osses can be reduced by the low-impedance path of the MOSFE
preferable. channel, if the second MOSFET s turned on as well. Since th
current direction of the switch only changes ever0°, this
MOSFET can be permanently on during this time interval. léenc
The aim of the current controller is to force the input cutsesf two independent PWM-signals are required for the bidireetio
each phase to follow the (sinusoidal) mains voltages. Hewelie switches. As shown ifrig. 2(a), MOSFET.S;; connects pori of
A-connected switches directly influence the line-to-lindtages. the bidirectional switch to porf and its PWM-signals are given

IIl. NovEL PWM CURRENT CONTROLLER



by pwm,;; respectively. The operation of the modulator will be K /\ /\ o
discussed in the next section. -
The clamping actions are controlled by a sector-detectioit u / \ / \Ufm
which derives the clamping signalgamp;; from the mains \/ \/
voltage. The resulting clamping actions considering@f-sectors 0 ‘
are summarized in TABLE Il for all MOSFETSs, whereas i.e. 0 T=1/], vt vt

indicates that the corresponding MOSFET is permanentlyiroff *
this sector. U Uriz

A. PWM modulator

. . 3 . . I I I I pwm,,
For realization of the PWM-modulator a single unipolar tgkm !
carrier signal is used (cfig. 6). The modulator has to assure an AT
optimal switching sequence and has to generate the dutgesycl | I [,
U:ij Pty
U:ij >0: 6;5=1- SR 0 =1 (13) (000) (101) (000)
o . (001) (001)
U,z
vi<0: &;=1, §ji=1- e (14) Fig. 6: PWM-modulation and resulting switching sequencepat = —15°.
& V, SwitchesS23 and S32 are not shown, because they are permanently off in this

If the carrier signal is larger than the modulation voltagg, the sector. The resulting (optimal) sequence is (000)-(00@}{001)-(000).

output of the modulator is high. Unlike the triangle signile
modulation voltages;,;; are bipolar and hence a duty cycle of

100% is generated for negative modulation voltages. Accordir 2°[ Vs Viz —]
to 100
S < PN
Upiy = (=1) - vpy (15 .= ’ / >/
-100
one MOSFET of the bidirectional switch is always permanent 00 ]
on (i.e. Sy for o € [—30°,30°] ), which reduces the on-state 400 Vo Vor Vi
losses of the device. I — — em—
Fig. 6 shows the operation of the PWM-modulatora = —15°. = . )< )<
The two modulation voltages’,, andv;;, are negative and result .3 y y
in a duty cycle of 10&. According to TABLE I, switchesSs3 and -200 = . < ~___
S3o are permanently off in this sector and are therefore not shov 400
The remaining voltages;;, and v;; are used for modulation Pzzlsmmknmmmumumm — } | o
and result in the desired optimal switching sequence (Q0D})- e, , : %
(101)-(001)-(000) (See alsk:]g 5) pwmz3 % |
pwmay 1 [
IV. SIMULATION RESULTS Pwm i | — It 1 DONARANARARAARA LA
30
A simulation is used to confirm the operation of the prc | wa, /M e L2 ok I3 .
posed control techniquéig. 7(a) demonstrates a good perfor- T TN e
mance of the proposed current controller at an input frequer = . S, AN s
Of fin =800Hz (Vv = 115 Vins, Vo =400 Vpe, Po =5kW, =z [ | T S ~
Ly; = 330 uH). The input currents/y; follow the sinusoidal . s e
800 Hz input voltage¥y;, even for a rather limited switching fre- 20 I
quency of 72 kHz. Furthermore, the current ripple of the gach ~ ° o 02 04 06 08 " 12
phase is not higher than in the two controlled phases. It bas . t (ms)
be mentioned again that the current controller works peamty @)

(i.e without any structural changes) and that only a lodozk

. . . 30
just before the modulator output provides the necessamltey
actions. InFig. 7(b) the system response on a phase loss 2017 Tn: Tns g
. . N1 N2 N3 "‘\\K‘ /W' ‘\\
10 4 .
TABLE II: Required clamping actions; O indicates that theresponding MOSFET = \/ /
is permanently off, 1 permanently on apdim;; that the MOSFET is modulated : 0 i ':‘ ,4/\ /f
~ \
by the current controller. 10 % \ Y
512 521 523 532 513 S$31 Kn M// “‘V.h M
-20 ¥ % Wt
330°...30° pwmis 1 0 0 pwmis 1 phase loss at ‘11\’1
30°...90° 0 0 pwmoz 1 pwmiz 1 30, 0.5 1 ¢ s 15 2 25
90° ...150° 1 pwmal pwmas 1 0 0 (ms)
150° ...210° 1 pwmg; 0 0 1 pwmal (b)
210°...270° 0 0 1 pwmgz 1 pwmsi Fig. 7: Simulation results of thé\-switch rectifier; (@)Var; = 115 Vims, fin =
270°...330° pwmia 1 1 pwmsz 0 0 800Hz, V, = 400 Vpc, P, = 5kW, Ly; = 330uH and (b) phase loss of

Iy att = 0.85ms (Po = 3kW)



TABLE lII: Analytically calculated and simulated mean and rmsrent values of
the semiconductors faP, = 4 kW, V; = 115 Vs (M = 0.7), fs = 72kHz,

Ly; = 330uH
Simulated Calculated

Iy 16.5A 16.5A
17, qvg 0.98A 0.95A
I7 rms 3.09A 3.0A

ID avg 3.33A 3.35A
ID rms 6.53A 6.56 A
IThy.avg 10.0A 10.06 A
IThy rms 12.3A 12.35A
IC rms 7.16A 7.16A

1) Bidirectional switchesS;;

Each bidirectional switch ofig. 2(a) consists of two MOSFETs

and hence two elements have to be considered: the MOSFE

which is modulated by the current controller and the bodyddi

of the second MOSFET. Therefore, the current average valug

of the semiconductors are not zero, although the entireageer
(b) current of the bidirectional switch is zero (averaging wvita full

Fig. 8: (a) Proposed precharge circuit for startup of thdifie; consisting of line-frequency fundamental period). With the defined madah

precharge diodeDyc, precharge resistoilpr. and thyristorT'hy,,.. and (b) index
equivalent circuit for switchS 2 at oy = —15°. \/§{7
N

M ’
t = 0.85ms is depicted. After some minor ringing, the system Vo ] ]
operates in 2-phase mode and it should be noticed that ngesar{"€ average and rms currents of the two semiconductors igrmi
in the controller structure or parameters are required mallesthis (e bidirectional switch finally result in:

fault condition. ~ 1 M
IT,avg = IN <2ﬂ_ - 4\/§> ) (17)
V. SYSTEM DESIGN

In this section some issues of the design and the practical I _7 1 @ M (18)
realization of theA-switch rectifier shall be discussed. Torms = INAI\ 6 87 231

(16)

A. Startup 2) DiodesD,;, Dy;

A precharge circuit consisting of diode, ., resistorR, . and The average and rms-currents of the rectifier diodes are
i ) . o e ~ M
thyristor T'hy,,,.. is applied on the DC-side of the rectifier (cf. ID.avg = IN—= (29)

Fig. 8(a)) in order to limit the inrush current at the rectifier startup 2v3 '
During startup, the thyristor is off and the precharge tesismits M (5+2V3
the inrush current. The thyristor is turned on as soon as the Iprms = In M ) (20)

capacitors are completely charged to the peak value of tleetdi- 127

line voltage. The bidirectional switches are permanerifigioring 3) Startup Thyristorl hy;

startup (current controller is disabled during this timsgcording The thyristor current is a combination of the diode curreatsd
to Fig. 8(b), the thyristor is located within the commutatiorresults to

path of the rectifier (i.e.Si2, D1y, Thy,,. and D,z). In order ~ M3

to minimize the thyristors influence on the parasitic indnce IThy,avg = 3 ID,avg = INT ' (21)
of the commutation path, three thyristors (one thyristasely ~ [5M

placed to each switch) are used in parallel. This also regdtiee Irhyrms = IN o (22)

on-resistance of the additional element advantageously. 4) CapacitorC.
o

B. Component Stresses The rms current stress of the output capacitor for a congbanit

In order to determine the on-state losses of the semicooductcurrent[o can be calculated using

the current rms and average values have to be calculated and I = ]I2 _ 2 23
. . . . . C,rms Thy,rms Thy,avg ( )

therefore simple analytical approximations are deriveat. the ' ‘

following calculations it is assumed that the rectifier has

« a purely sinusoidal phase current shape; Tom = Tx 5M  3M? ' (24)

« ohmic fundamental mains behavior; ’ 27 4

« no low-frequency voltage drop across the boost inductor féo verify the derived formulas the mean and rms currents fo
the sinusoidal shaping of the input currents; an output power of 4kW and mains voltage 16f; = 115 Vs

« a constant switching frequency; (M = 0.7) have been calculated. In TABLE Il the results of this

« linear behavior of the boost inductors (inductance is natlculation are compared to the results of a simulation davs
dependent on the current level). a good accuracy.

which leads to




TABLE VI: Calculated power loss break-down and efficiencytbé proposed
A-switch rectifier for an output power df, = 4kW.

Input voltage (line rms) 97.7 115 132 \%
Input voltage (line-to-line rms) 169 199 229 \%
Input current (rms) 14.4 12.2 106 A
Modulation index 0.6 0.7 0.81
Losses
Switch losses 67.4 54.3 453 W
Diode losses 23.9 23.2 226 W
Thyristor losses 10.8 10.6 103 W
Boost inductors Total semiconductor losses 1021 881 782 W
i Output DC-link
Semiconductors Ca‘;s;tors i Input choke 34 30 27 w
Controller board Output capacitors 12 8 5 w
. ) . i . o . . Auxiliary power 30 30 30 w
Elgégé i?}kWA-swnch rectifier laboratory prototype. Dimensions: 66.9i47.2in Additional losses (EMI,...) 70 70 70 w
Total power losses 249.1 226.1 2102 W
TABLE IV: Specifications of the realized prototype. Efficiency 940 946 951 %
Input voltage: Vin, = 97 Vims - .. 115 Vims
Input frequency: fin = 360Hz...800 Hz 0
Switching frequency: fs = 72kHz
Output voltage: Vout = 400 Vpc 95 ° o= Vivi = 132V
Output power: Pout = 5 kW o1 /9‘/9/:— T Vv = LISV
. // N al a1 VNi=977V
X o3
=
92
TABLE V: Power devices selected for realization of theswitch rectifier.
- - 91
Part Device Description
Si . IPW60R045CP (COO|MOS) 9:I.%OO 1500 2000 2500 3000 3500 4000
Dy, Dpi  APT30D60BHB (Ultrafast) Fous (W)
Thy; 40TPS12A Fig. 10: Measured efficiency of the 5kW laboratory prototyef;,, = 400 Hz
Cout 18 x Nippon Chemicon KX&32 uF/450V in parallel for the specified mains voltages.
Ly; Schott HWT-193,326 uH

calculated values and the difference has been found in tirerdu
VI. L ABORATORY PROTOTYPE dependent losses of th'e EMI-filter. For the sake pf brev?asm
losses have been considered as a constant term in the tialcula
Based on the proposed controller concept a laboratory SeWPnree-phase power source [22] is used for testing thefeeatnd
of the A-switch rectifier according to the specifications given ifhe limited output current capability of the power source\(®

TABLE IV has been built. The realized prototype is shown i3 y it the power level for the efficiency measurements.
Fig. 9. An existing EMI-filter, originally designed for a 72 kHz

\f.lenna-'type rectifier, also was applieq to this regtifiere‘ﬁvgrall B. Experimental results

dimensions of the system are 66.9in x 47.2in x 49.2in, thus

giving a power density 02.35kW /dm? (or 38.5 W /in? ). The The input currents of the rectifier are givenkig. 12(a)for an
system is air cooled and has a weight of 3.78 kg which resaltsQutput power of 4kW, where a THDof 3.27% and a power factor

a power to weight ratio of 1.32 kW/kg. The proposed contratier of A = 0.999 have been measured. Fig. 12(b) the inductor
digitally implemented in a fixed point Texas Instruments O$P Cl{”entfml IS Sh_OWH- The current “pP|e is in good agreement
320F2808) and a switching frequency of 72 kHz is used. Fdf rewith the simulation results and coqflrms .the operatlon of the
ization of the bidirectional switches, the CoolMOS IPP6@ROP  Proposed current controller. As mentioned in section V,dbe-
with a very low Rps.» of 45m( is used and the rectifier diodesmutation paths include four semiconductor devices. Tloeegfit
are realized by APT30D60BHB. A summary of the employe@ difficult to minimize the parasitic inductance of this lpah a

devices is given in TABLE V. practical realization. The result is a considerable riggaf the
o MOSFETSs drain-source voltages. Fig. 13, a measurement of
A. Calculated and Measured Efficiency the drain-source voltageps of switch Si» is shown. Although

The losses and efficiency of the realized rectifier are catedl the layout has been optimized to minimize the commutatidh pa
for f,n = 400Hz using the analytical expressions derived imductance, a voltage overshoot &f 60 V can be observed in
section V based on the datasheet specifications (componemse the switch is PWM-operated. Furthermore (as depicted
listed in TABLE V). The results of this calculation are given Fig. 13), the MOSFET additionally experiences a PWM-shapec
TABLE VI. blocking voltage, originating from the two other switchehile

The losses of thé\-switch rectifier are dominated by the lossethe device is clamped into permanently-off statgo(in pn €
of the semiconductors. For the desired input voltage rahge {30°...90°,210°...270°]). Unfortunately, this voltage overshoot
calculated efficiency varies between% and 95.2 and the is even higher than the over-voltage generated from theckwit
results are in good agreement with the measurement resudts gitself which has to be considered in the system design.
in Fig. 10. The measured efficiencies are somewhat lower than the
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Fig. 12: Measurement results taken from the laboratory pypegoat an output
power level of P, = 4kW and an input frequency of;,, = 400 Hz; (a) all three
input currents and (b) inductor current of phasg .
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Fig. 13: Measured drain-source voltagg s of switch Si2 at an output power
level of P, = 4kW.
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(a) DM emissions, (b) CM emissionl (c) total conducted emissions without EMI-Filter.
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TABLE VII: Comparison of the proposed\-switch rectifier with a 6-switch
Vienna-type rectifier.

A-switch 6-switch
rectifier Vienna-type
rectifier

Num. of switches 6 6
Num. of diodes 6 9
Num. of thyristors 3 3
Output voltage 400V 400V
Output power 5kwW 5kwW
Efficiency (@115V/5kW) 94.% 94.4%
Power density 2.35kW/dm? 2.35kW/dm?
Power weight ratio 1.32kW/kg 1.32kW/kg

In order to get a basic idea of the conducted emissions of th
A-switch rectifier, initial EMI-measurements of the rectifieere
performed at an input frequency @¢f, = 50 Hz. For that purpose
a standard LISN according to CISPR 18 (tH, 50 ©?) [23] was
used. A three-phase DM/CM noise separator [24] was applie
to measure the DM and CM noise separately. The measuremer
were done without a specific EMI-filter, but to provide proper
operation of the rectifier capacitors ®f uF per phase have been
placed at the input of the rectifier in star connection. Thaulte
of the peak-measurement according to CISPR 11 (frequenggera
150kHz . .. 30 MHz) are shown irFig. 11together with the limits
of CISPR 11 class A. According téig. 11, CM emissions
dominate the emissions of the converter.

VIl. COMPARISON WITHVIENNA RECTIFIER

In order to be able to benchmark the characteristics of th
proposedA-switch rectifier a 6-switch Vienna-type rectifier (cf.
Fig. 1(a) is used as reference. Both rectifiers are designed t
obtain the specifications listed in TABLE IV. The same semi-
conductors and power components as listed in TABLE V anc
also a nearly identical mechanical construction is usedtlier
VR realization. According to TABLE VII, three more diodes
are required for the VR, but these diodes are only commutate
with the supplying mains frequency and are therefore redbti
inexpensive. TheDy_ diodes of the Vienna-type rectifier are
replaced by the startup thyristors, hence no additionahetes
are needed for startup. Th&-switch rectifier shows a slightly
better efficiency compared to the Vienna-type rectifier esysht
equal size and power density. If the output voltage of thennee
type rectifier is increased tg, = 800V, the Vienna-type rectifier
is able to handle input-voltages up 19; = 440 Vs and an



output power ofP, = 10kW which increases its power density [8] J.C. Salmon, “3-phase PWM boost rectifier circuit topotsgusing 2-level
CO”Slderably However, for the deS”'ed Output Voltage eaog and 3-level asymmetrical half-brldgesi?roc of the 10th Annual Applled

. e . . Power Electronics Conference and Exposition (APEC'%&H Mar 1995,
Vo = 400 Vpc, the A-switch rectifier is the optimal choice. Vol.2, pp.842-848. P ( 7

[9] J.W. Kolar, H. Ertl, F.C. Zach, “Realization considéasis for unidirectional

three-phase PWM rectifier systems with low effects on the nfafisc. of
. . the 6th Int. Conf. on Power Electronics and Motion (PEMC 19®udapest.
This paper presents the design of a 5kW three phase [10] P. Bialoskorski, W. Koczara, “Unity power factor thrgkase rectifiersProc.

switch rectifier focused to the application in More Electiccraft of the 24th Annual IEEE Power Electronics Specialists Cremfee (PESC
systems. A comparison to several alternative circuit togiels '93), 20-24 Jun 1993, pp.669-674. y .

i/] d th h P itch ifier i . . hoi [11] W. Koczara, P. Bialoskorski, “Controllability of theinsple three phase
showed t a.t t eﬁ-SV\./ItC. rectifier 1s a very 'ntereSt!ng choice rectifier operating with unity power factor,Proc of the 5th European
for the desired application. For the proposed rectifier aehov ~ Conference on Power Electronics and Applicatioh3;16 Sep 1993, Vol.7,
optimized PWM-control concept has been designed and arthlyzg = PP-183-187.

p. p. . . . 9 y'7[12] D. Carlton, W.G. Dunford, M. Edmunds, “Continuous contion mode
using space vector Ca|CU|U5-_D|9|ta| simulations demarstan operation of a three-phase power factor correction ciretih quasi tri-
excellent performance, even in the case that a phase losssocc  directional switches,"Proc. of the 30th Annual IEEE Power Electronics
Analytical expressions for the component stresses areetethat Specialists Conference (PESC 98)yg 1999, vol.1, pp.205-210.

. )I/ h E . d di . p. f th ith r{13] D. Carlton, W.G. Dunford, M. Edmunds, “Deltafly’ thrgghase boost power
S|mp|fy the design an imensioning of the system. With the factor correction circuit operating in discontinuous coctibn mode,”Proc.
realized prototype, a THDof 3.2% at f;,, = 400Hz and an of the IEEE International Symposium on Industrial Electesn(ISIE '99),
efficiency of 94.6% at P, = 4kW have been achieved, which 1999, vol.2, pp.533-538.
results in a power density o£.35kW/dm® and a power to [14] fD- Carlton, W.G. Dunford, M. Edmur&ds, “SEPIC 3-phaseﬂﬁtmgs power

; ; ; actor correction circuit operating in discontinuous coctibn mode,”Proc.
weight ratio of 1.32 kw/kg. Mea_suremem_s taken from the realli . of the IEEE International Symposium on Industrial Electosn(ISIE '98),
5kW laboratory prototype confirm the high performance o8 thi 7-10 Jul 1998, Vol.1, pp.81-86.
novel current controller. Finally, first EMI-measuremeifsthe [15] M.P. Kazmierkowski, L. Malesani, “Current control tetfues for three-

; : e phase voltage-source PWM converters: a survégyEE Transactions on
converter are presented. A comparison of theswitch rectifier Industrial Electronics\ol.45, No.5, Oct 1998, pp.691-703,

with a 6-switch Vienna-type rectifier certifies a slightlygher [16] A. Lima, C. Cruz, F. Antunes, “A new low cost AC-DC converwith high

efficiency for theA-switch rectifier. input power factor,”"Proc. of the 22nd IEEE International Conference on
Industrial Electronics, Control, and Instrumentation CBN’96),5-10 Aug
1996, \Vol.3, pp.1808-1813.

[17] R.J. Tu; C.L. Chen, “A new space-vector-modulated aarfior a unidirec-

VIIl. CONCLUSION
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