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Advances in AC-DC Power Conversion
Topologies for More Electric Aircraft

Abstract - The purpose of the paper is to
review and compare the ac-dc electric
power conversion topologies from the
perspective of More Electric Aircraft
(MEA) utilization. Advancements in
power electronics encompass many
evolving technologies including power
semiconductor devices, microprocessors
or digital signal processors (DSPs),
thermal management, EMI and corona
mitigation techniques, and mechanical
packaging. The weight, volume, cost,
and performance are critical design
criteria, as is achieving other important
requirements and specifications such as
power quality, EMI/EMC, reliability,
vibration, and shock for more electric
aircraft applications. In this paper, an
introduction will be made to the
traditional versus modern aircraft power
distribution systems illustrating the
need of ac-dc power conversion
systems. Then, the wvarious power
conversion topologies for more electric
aircraft will be reviewed.

l. INTRODUCTION
The need of power conversion has been
rising dramatically in the past ten years

Nhing budc tién trong Topd chuyén doi
cong suat AC-DC danh cho may bay
tiém kich hoat dong bang dién

AC: xoay chiéu

DC: mét chiéu

Topology: to pd hay dang hinh hoc, ciu
tric, cach siap xép cac phan tir trong
mach dién.

Dé ban dich ngin gon em s& dé nguyén
nhitng tir nay.

Tom tat - Muc dich cua bai bao nay la
diém lai nhumg ching dudng phat trién
(tong quan) va so sanh cac topd chuyén
d6i cong suat AC-DC t{mng dung trong
may bay tiém kich hoat dong bang dién
(MEA). Nhimng tién bo trong dién tir
cong suit di hoan thién nhiéu cong
nghé c6 lién quan bao gém cac thiét bi
ban dan cong suit, cac bd vi xir Iy hodc
cac bo xtr 1y tin hiéu sé (DSP), cac ky
thuat kiém soat nhiét, EMI va ky thuat
giam thiéu corona (dién hoa, phong dién
vang quang), va déng goi co khi. Cac
tidu chi thiét ké quan trong ddi vé6i cac
ung dung may bay ti€m kich hoat dong
bang dién 1a trong luong, kich thudc,
chi phi va hiéu suit, cling nhu viéc dat
duoc cac yéu cau va tinh ning ky thuat
quan trong khac nhu chit luong dién
nang, EMI / EMC, d¢ tin cay, do rung
va soc. Trong bai béo nay, ching t6i s&
gii thiéu cac hé thong phan ph01 dién
nang trong may bay truyen thong va
hién dai dé minh hoa sy can thiét ctia hé
théng chuyén doi cong suat AC-DC.
Sau d6, ching t61 s€ gioi thi€u chung
(tbng quan) vé cac td pd chuyén doi
dién nang khac nhau cho may bay tiém
kich hoat dong béng dién.

I Gidi thiéu

Nhu ciu chuyén doi cong suat da ting
dang ké trong mudi nim qua trong linh




for more electric aircraft design and
development. To understand this need,
one has to look at the differences of
traditional and modern aircraft electric
power system architectures. Traditional
commercial aircraft systems typically
employ a constant-voltage, constant-
frequency (115 V, 400 Hz) alternating
current (ac) power distribution network.
Various electrical motors are connected
to this ac bus typically without using a
motor controller. Unfortunately, when
such electric machines are directly
connected to the ac bus, it is common to
have a large inrush current present at
equipment start up. As commonly found
in such a system, the variable speed of
the main engine is converted into a
constant frequency output via a
mechanical interface device positioned
between the main engine and the ac
electric generator. A shaft running at a
constant speed at the output of this
mechanical device is used to rotate the
accessories, including the main engine
generator, thereby providing a constant
frequency ac bus.

However, as advancements in electrical
power systems become reality, it is
clear that the constant frequency ac bus
can be abandoned to allow the
elimination of the mechanical interface
between the main engine and the
generator  described above. Such
advancements could further enable a
system, which would directly couple the
ac electric generator to the main engine
output shaft via a gearbox device. This
achieves a highly reliable generator
system because of the elimination of the
variable speed to constant speed
mechanical device.

The result of such direct coupling is an

vuc thiét ké va phat trién may bay tiém
kich hoat dong bang dién. Dé hiéu dugc
nhu ciu nay, chung ta can phai hiéu
dugc sy khac nhau vé kién tric cua cac
hé thong cung cip dién trong cac may
bay truyén thong va hién dai. Hé thong
may bay thuong mai truyén thdng
thuong s dung mang phan phéi dién
xoay chiéu tan sd va dién ap khong doi
(115 V, 400 Hz). Cac dong co dién khac
nhau dugc két ndi voi bus ac nay
thuong khong st dung bd diéu khién
dong co. Tuy nhién, khi nhimng may
dién nhu vay duogc két ndi truc tiép Vo1
bus ac, mot dong dién 16n dot biét co
thé xuat hién lac khoi dong thiét bi.
Thong thuong, trong nhimg hé thong
nhu thé, tbc do bién dbi cua dong co
chinh dugc chuyén d6i thanh dau ra tan
s6 khong dbi théng qua mot thiét bi
giao dién co dat gitra dong co chinh va
may phat dién xoay chiéu. Mot truc
chuyén dong voi tbc do khong doi & dau
ra cua thiét bi co khi nay dugc su dung
dé quay céc phan phu kién, bao gom ca
may phat di¢n-dong co chinh, nho do
tao ra bus ac tan sd khong doi.

Tuy nhién, khi nhirng tién bo trong hé
théng dién bt dau di vao thuc té, rd
rang 1a bus ac tan s6 khong d6i khong
con can thiét nita va diéu nay cho phép
loai bo giao dién co hoc gitta dong co
chinh va cac mdy phat dién mé ta ¢
trén. Nhiing tién bo nay cho phép hinh
thanh mot hé thong ghép truc tiép may
phat dién xoay chiéu vdi truc phat dong
cua dong co chinh thong qua hop so.
Diéu nay tao ra mot hé théng mdy phat
dién c6 do tin cay cao do viéc loai bo
thiét bi co khi toc d6 bién doi va chuyén
sang thiét bi co khi tbc do khong doi.

Két qua cua sy ghép tryc tiép nhu vy




ac bus frequency proportional to the
engine speed (which can vary over a 2:1
range depending on application), while
the magnitude of the ac bus voltage is
regulated to a constant value via a
generator control unit (GCU) for the
generation system. For example, at
main engine idle speed the frequency
can be 360 Hz, whereas at full throttle,
frequency increases to 720 Hz. The
accessory motors, such as those used for
pump and fan applications for constant-
voltage, constant-frequency systems,
become significantly larger if each is
directly connected to the constant
voltage-variable frequency distribution
system. Moreover, power cannot be
controlled to the shaft but rather will be
a function of load. For example, for a
fan application, at twice the frequency,
there will be eight times the power
demand from the fan, assuming torque
is proportional to the square of the
speed. This kind of nonlinear power
demand is not acceptable for many
applications.  Similarly, the inrush
current requirements based upon these
devices can also become substantially
greater than traditional commercial
aircraft power system loads.

For all of these reasons, it is not feasible
to directly couple these electrical
machines directly to the constant
voltage- variable frequency ac bus [1,2].
Both ac-dc and then dc-ac conversion is
needed, unless direct ac-ac conversion
is used, such as matrix converter. The
purpose of this paper is to investigate
the possibilities and advancements of
ac-dc  conversion  for  aerospace

la tan s bus ac ty 1& thuan véi toc do
dong co (dai lugng nay c6 thé thay doi
trén khoang 2:1 tuy thudoc vao Ung
dung), trong khi d6 do l6n cua dién ap
bus xoay chiéu duoc diéu chinh ¢ gia tri
khong d6i qua bo dicu khién may phat
dién (GCU) trong cac hé théng may
phat. Vi du, ¢ téc d6 khong tai cua dong
co chinh, tan sb c6 thé 1a 360 Hz, trong
khi & tbc do cuc dai, tan sb tang toi 720
Hz. Kich thudc cua cac loai dong co
phu, chéng han nhu nhiing dong co su
dung cho cac Ung dung bom va quat
trong cac h¢ thong dién ap khong doi,
tan s0 khong d6i, s& phai 16n hon nhiéu
néu mdi thiét bi nay dugc két ndi truc
tiép voi hé théng phan phdi tan sb thay
dbi-dién ap khong doi. Hon nita, cdng
suat khong phai do truc diéu khién ma
thay ddi theo tai. Vi du, d6i v6i mot ing
dung quat, néu tan sb ting l1én hai lan
thi nhu cau dién ning cta quat s& ting
gip tam lan, gia st md-men luc ty 1¢
thuan v6i binh phuong toc d6. Nhiéu
tng dung khong phu hop vo6i nhu cau
dién nang phi tuyen nhu thé. Tuong tu
nhu vy, cac yéu cau dong tang dot bién
ctia nhitng thiét bj nay ciing c6 thé tro
nén 16n hon dang ké 5o Vi tai hé théng
dién cta may bay thwong mai truyén
théng.

Tai hé théng dién 1a luong dién nang
tiéu thu cua tat ca cac thiét bi dién

Vi nhiing 1i do nhu vay, viéc ghép tryc
tlep nhimg may dién nay voi bus ac tan
s6 thay doi-dién ap cO dinh khong kha
thi [1,2]. Ca chuyen d6i ac-dc va dc-ac
13 can thiét, néu khong su dung chuyén
doi ac-ac truc tlep, chang han nhu bd
bién tan ma tran. Muc dich cua bai bao
nay la nghién ctru kha nang va nhirng
tién b cia ky thuat chuyén doi ac-dc
cho céc uing dung hang khéng vii tru va




applications and  compare  the
advantages and disadvantages of major
topologies.

. PASSIVE AC-DC

CONVERSION TOPOLOGIES FOR
MORE ELECTRIC AIRCRAFT

Power quality and EMI/EMC
requirements are becoming very
important for more electric aircraft
applications due to the complexities
around the increased power generation
and utilization in the aircraft. Typically,
each aircraft manufacturer can specify
standard specifications such as in DO-
160 [3] or customized version of these
standards for power quality. It is even
possible that aircraft manufacturers can
develop and utilize their own
requirements based on their assessment
and experience. The size of the aircraft,
details of the generation system and
loads, bus structure, cable lengths,
overall characteristic of the power
generation system, and loads are
typically carefully analyzed for many
different steady-state and transient
conditions to develop power quality
requirements. A typical requirement for
future commercial aircraft power
quality is provided in reference [1].
TABLE 1 illustrates the current
harmonics limit requirements for loads
larger than 5 kW presented in this
reference.

TABLE |

CURRENT HARMONIC LIMITS FOR
THREE-PHASE EQUIPMENT
GREATER THAN 5 KVA [1]
Harmonic Order Limits

Odd Triplen Harmonics (h=9, 15, 21,...,
39) 1h=0.111/h

s0 sanh vu va nhugc diém cua cac to pd
chinh.




Odd Non Triplen Harmonics 11, 13
3
Odd Non Triplen Harmonics 17, 19
4
Odd Non Triplen Harmonics 23, 25
3
Odd Non Triplen Harmonics 29, 31, 35,
37 Ih=0.3 11/h
Even Harmonics 2 and 4  1h=0.01
11/h
Even Harmonics > 4 (h=6, 8, 10, ..., 40)
Ih=0.0025 11
Subharmonics and  Interharmonics
Ih=0.0025 11 or 5mA (whichever
IS greater)
A. Six-pulse Rectifier
The simplest three-phase passive
rectifier is a six-pulse rectifier.
However, due to large current harmonic
distortion, the six-pulse rectification is
not typically feasible to meet the current
harmonic requirements. Therefore, at a
minimum, 12- or 18-pulse rectification
using autotransformer or transformer
rectifier unit is needed for passive
rectification to achieve reasonable
current harmonic distortion and power
factor.
The passive rectification for multi-pulse
capability can be achieved by specially
wound transformers or autotransformers
with six- or nine-phase secondary
outputs for 12- and  18-pulse
rectification, respectively. One of the
major  disadvantages of  passive
rectification is that the dc bus voltage
droops as a function of dc-bus loading.
This voltage droop affects the sizing of
the downstream components. For
example, if an inverter will be used for
a motor control, achieving full power
regardless of the ac input frequency and
voltage variations requires a minimum




dc bus voltage analysis. This droop
effect increases the sizing of the
inverter components compared to the
constant dc bus voltage regulation that
can be achieved using active rectifiers.

B. Multi-pulse Transformer
Rectifier Unit (TRU)

The typical choice is to use 12- or 18-
pulse arrangement. The main advantage
of the transformer is its capability of
providing galvanic isolation. However,
its weight, volume, and cost are
significantly higher than those of
autotransformers. The reason is that
equivalent kVA of the transformer is
larger than that of an autotransformer.
Hence, more copper and iron is needed
for the multi-pulse transformer-based.
For aerospace application, galvanic
isolation may or may not be required.

C. Multi-Pulse Autotransformer
Rectifier Unit (ATRU)

If galvanic isolation is not needed,
autotransformers become the natural
choice for passive solutions for multi-
pulse applications, i.e. 12-pulse or 18-
pulse, due to weight, volume, and cost
savings. More than i8-pulse can also be
considered, but a larger number of
diodes are needed. Isolated three-phase
rectifier operation with 120-degree
conduction of diodes can be achieved
using interphase transformer (IPT) in
the dc link. There are also ATRU
topologies whereby the IPT can be
eliminated by allowing the diodes to
conduct shorter than 120 degrees, i.e. 40
degrees, for 18-pulse ATRU as shown
in Fig. 1.

Fig. 1 18-pulse ATRU without
interphase transformer in the dc link




This area of study is rich with
opportunity to innovate new
autotransformer winding topologies to
minimize the equivalent kVA rating of
the autotransformer to further minimize
the weight, volume, and cost. The input
power quality requirements, including
normal and abnormal voltage transients
and input frequency variations, should
be carefully to be taken into account for
proper sizing and design of the
autotransformer. The other important
factor is to trade off the efficiency with
respect to size and weight. Cooling and
minimizing the thermal impedance
between between the autotransformer
and mounting area is also another
important factor to achieve minimum
weight and volume.

. ACTIVE AC-DC
CONVERSION TOPOLOGIES FOR
MORE ELECTRIC AIRCRAFT

A. Active Rectifier - Two Level

Active rectifier is a well-established
pulse width modulation converter
topology with three-phase AC input.
This architecture is supported by many
digital signal processors (DSPs) as a
basic building block. If a motor
controller will be incorporated into the
design, the overall design effort can be
minimized with synergies by designing
both the rectifier and inverter stage with
common hardware and software. This
includes commonality on active
semiconductor switches, diodes, gate
drives, ac current measurements,
protection, and interface with the DsP.
some commonality is also utilized for
software development because of the
similar inner loop control design for




current regulators and pulse width
modulation.

six semiconductor switches and six anti-
parallel diodes along with input filtering
and ac inductance form the two-level
active rectifier as shown in Fig. 2. The
dc link requires a capacitor without
forming a neutral point. Hence, having
no neutral  point  connection  of
capacitors makes control easier than
Vienna or other-multi level rectifiers.

Fig. 2 Schematics of active rectifier

The input ac current can be regulated
using a sinusoidal reference current
waveform. Typically, the terminal
voltage of the active rectifier and input
ac current can be controlled to achieve
unity power factor for the optimum
power generation and minimum able
losses in the aircraft. The dc bus voltage
typically can be regulated at a constant
voltage with fast dynamic transient
response. This requires a careful
selection of modulation switching
frequency of the active rectifier and
controller bandwidth. Active damping
can be eliminated to prevent any
undesired resonances between the filters
and the rest of the power distribution
system. Two-level active rectifier can
achieve bi-directional power flow via
proper control. Hence, it can be used for
aerospace applications where bi-
directional power flow is needed. If this
requirement is not needed, it is still an
attractive choice due to the various
advantages mentioned above.

B. Active Rectifier - Multi-level

Using a multi-level active rectifier is
difficult to justify in aerospace
applications due to the low ac voltage




usage because of safety and corona
issues.  Three-level neutral point
clamped topology can be considered if
benefits can overcome the complexities
and increased number of parts.

The three-level topology uses four
active semiconductor switches, four
anti-parallel diodes, and two clamping
diodes per converter phase leg as shown
in Fig. 3. The increase in active
switches requires more gate drive
circuits, more interface of the gate drive
circuit to DSP, and more real estate for
heatsink and cooling performance.
More diode usage increases both the
part counts and real estate usage for
cooling, even though the current
required by each diode is lower. An
active control is needed to achieve a
neutral point between the two diodes in
the dc link.

The advantage of the three-level active
rectifier is its ability to achieve three
steps in phase-to-phase voltages. This
feature minimizes the ac input current
ripple. The other potential benefit can
be reduction in EMI filtering. A three-
level active rectifier is capable of bi-
directional power flow.

Reference [4] illustrates that, with the
assumptions made in the paper, the
switching loss of a three-level converter
is smaller than that that of a two-level
converter, while conduction losses is
higher in the three-level converter. The
total loss appears to be lower for three-
level converter. Hence, this benefit
should be traded off with respect to

Fig. 3 Schematics of three-level active




rectifier

C. Vienna Rectifier

The Vienna rectifier is a three-phase,
three-level pulse width modulation
converter [5]-[8]. A Vienna rectifier is
formed by using one active
semiconductor switch and six diodes
per rectifier phase leg as shown in Fig.
4. The dc side uses two capacitors
connected in a series, connected to the
negative and positive rail of the dc bus.
The connection point that is formed
between the two capacitors needs to be
controlled to achieve neutral point
potential. Hence, additional control
effort and complexity is needed to
develop the Vienna rectifier for
aerospace applications. Many aerospace
applications require stringent software
development guidelines as specified in
DO-178B  [9]. This  additional
complexity will require more software
design, development, and verification
and, hence, will increase the cost of
development.

Fig. 4 Schematics of Vienna rectifier

A Vienna rectifier achieves uni-
directional power flow, i.e. power flows
from ac to dc side only, and is a boost
converter topology with continuous
input current. Typically, bi-directional
power flow is not allowed for many
aircraft applications so this attribute of
the Vienna rectifier is not a limitation.
The Vienna rectifier reduces the total
number of active semiconductor
switches from six to three of the two-
level active rectifier topology. This
reduction in switches translates into
additional savings in the overall
topology because less gate drives, less
power supply outputs, less protection
circuits, and less interface between the




gate drives and the digital controls are
needed. Moreover, the heat sink and
cooling requirements can be reduced.
An additional advantage of the Vienna
rectifier is that the dc bus cannot be
shorted due to the failure of the active
semiconductor switch, i.e. no shoot-
through. Another major advantage is
that the blocking voltage of the active
semiconductor switch is reduced by a
factor of two. The power factor can be
regulated at unity [10]. All of these
attributes of the Vienna rectifier can
contribute to higher reliability for the
ac-dc conversion. These benefits should
be evaluated with respect to increased
software development effort and
increase in capacitor requirements.

D.  Single Switch Three Phase Boost
Rectifier

The boost function can be achieved
with a three-phase diode bridge rectifier
and a dc/dc boost converter connected
in series [11]. However, the ac input
current harmonics would be similar to
that of a diode bridge rectifier,
assuming that the dc/dc boost converter
IS operating in continuous conduction
mode (CCM). This topology, as shown
in Fig. 5a, will most likely not meet
aerospace application requirements due
to high ac input current harmonics.

(b)

Fig. 5 (@) CCM Single Switch Boost
Topology, (b) DCM Single Switch
Boost Topology

To improve the input current waveform,
the dc link inductor can be moved to ac
input side. In this case, the input current
becomes  discontinuous  with a
sinusoidal envelope [12]-[16].




However, the fifth, seventh, eleventh,
and thirteenth harmonics of the ac input
current are high. This discontinuous
current mode (DCM) single switch
topology is shown in Fig. 5b. Various
strategies were investigated to eliminate
certain harmonics. The advantage of
this topology is the use of only one
active switch. However, in order to be
adopted for aerospace applications,
further study is needed with regards to
EMI/EMC and  power  quality
requirements with special attention to
current harmonics compatibility.
COMPARISON

Comparison of various passive and
active rectifier topologies are provided
in Table Il for some key properties.
Active rectifiers are attractive from the
perspective  of achieving  higher
efficiency, unity power factor, and its
potential to decrease weight and
volume. Active solutions can also
provide a constant dc link voltage at
steady state as a function of loading,
which prevents higher current rating
and, hence, kVA rating of the
downstream inverters for motor drives.
Among the passive solutions, the
autotransformer is the forerunner if
galvanic isolation is not required. For
active solutions, the Vienna rectifier
and the two-level converter appear to be
the most competitive candidates for
aerospace applications. The two-level
active rectifier is attractive to reduce the
development and procurement cost if
another two- level inverter would be
used for motor drive because of
commonality in hardware and software
design. The Vienna rectifier is attractive
from the perspective of simplicity and
low switch part count. Hence, it can




offer higher reliability and potentially
smaller weight and volume. The DCM
single switch topology is attractive
because it uses only one active switch,
but further study is needed to
understand  its  capabilities and
compatibility for aerospace
applications, particularly lowering the
low frequency ac input current
harmonic content. Hence, for this
reason, it is not included in the Table II.
Since many requirements such as power
quality, EMI, cooling, and reliability
change from one application to another,
more detailed analysis is needed for the
final decision on topology use.

V. FUTURE ADVANCES

A. Adaptation of SiC Technology
Many future advances in power
electronic technology are explored by
the industry to reduce the weight and
volume while increasing the reliability
of the power conversion systems in
more electric aircraft. One significant
development is to utilize silicon carbide
(SiC) diodes to replace silicon diodes
(Si PiN) when used with IGBTs. SiC
diodes are majority carrier devices and,
hence, offer almost zero reverse
recovery current during turn-off [17].
This translates into considerably lower
switching losses in the IGBTSs. In [18],
it is shown that SiC diodes reverse
recovery current and time was reduced
by a factor of six each. Similar savings
in switching losses occur for the upper
IGBT turn-on due to reduction in
reverse recovery current of lower diode
and vice versa. The total switching
losses of the IGBT with SiC diodes can
be reduced by 53% when compared to
Si PiN based IGBT [18]. This translates
into lower weight and volume power




conversion for aerospace applications.

B. EMI Filters with High Switching
Frequency

Another advancement can be achieved
by exploring and understanding the
impact of higher switching frequencies
to the sizing of the EMI filtering. The
EMI filtering can be formed by using
differential and common mode filter
capacitors and inductors both in the dc
link and ac input. Increasing the
switching  frequency  of  active
topologies can lower the weight and
volume of these filters. However,
increasing switching frequency also
increases switching losses and other
losses in EMI filter components, which
impacts cooling. In [19], an optimum
frequency concept is presented whereby
a balance between reduction in filter
sizing due to increased switching
frequency and impact of increased
switching losses to cooling and other
important considerations are reviewed.
Another area is to improve EMI
filtering and increase power density by
making topological changes in the
power electronic circuitry. For example,
additional paths can be added to
circulate or limit the common-mode
emission internal to the unit. In [20], the
center point of the dc link capacitors of
the Vienna rectifier is tied to an
artificially created mains star point
where the common mode currents as
seen by the input of the unit are reduced
significantly.

VI. CONCLUSIONS

Various advances in active and passive
rectifier topologies have been reviewed




for more electric aircraft applications.
Aerospace applications require a low-
weight, low-volume, more efficient,
highly reliable rectification system.
Passive rectification is reliable and can
potentially decrease recurring and non-
recurring costs. Active rectifiers are
attractive from the perspective of
achieving higher efficiency, unity
power factor, and its potential to
decrease weight and volume. For active
solutions, the Vienna rectifier and the
two-level converter appear to be the
most  competitive  candidates  for
aerospace applications. The DCM
single switch topology is attractive
because it uses only one active switch,
but further study is needed to
understand  its  capabilities  and
compatibility for aerospace
applications, particularly lowering the
low frequency ac input current
harmonic content. The area of
rectification in the field of power
electronics is very rich, growing, and
open to new innovations. Especially,
advances in various technologies
including new active switch
technologies can achieve higher
densities that have never been achieved
before; for example, the incorporation
of SiC diodes into power semiconductor
switches Increases switching
frequencies, and can potentially achieve
smaller EMI filters, new compact
cooling, and packaging techniques.
Hence, checking each power electronic
topology for its attractiveness with the
new technological advances frequently
Is a prudent exercise towards achieving
the optimum solution for more electric
aircraft applications.









