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Abstract—Nowadays, electrical energy is the alternative
to supply aircraft systems. In this paper a new converter
for ground power units supply in aircraft applications is
proposed. The topology consists of a rectifier with an active
current injection circuit linked to a three level neutral point
clamped converter. The design procedure is detailed in
this paper showing the principal requirements for the safe
operation of the converter. Simulation results validate tke
satisfying performance of the proposed system.

Resumen—Hoy en dia, la energia eictrica es la alternativa
para suministrar sistemas de aviones. En este articulo

The main challenges for these supply systems are:

« To provide 115[V] operating at 400[Hz] irrespective of
the load.

« To minimize the impact of input current on the electri-
cal system of the aircraft, they must be with reduced
harmonic content.

« In order to minimize reactive power requirements a
high input power factor must be accomplished.

« To maximize power density to reduce the weight and
size.

se propone un nuevo convertidor para el suministro de At the beginning, ground power units used optimized
unidades de potencia en tierra en aplicaciones de aviones.modylation techniques which deleted or minimized the total

La topologia consiste de un rectificador con un circuito de s : : :
inyeccn de corriente activo conectado a un convertidor harmonic distortion and therefore decreasing the size for

de tres niveles con enclavamiento del punto neutro. EI OUtput filters. As analyzed previously, various inverteps o
procedimiento de diséio se detalla en este documento, erating at reduced switching frequency are included thinoug
mostrando los principales requisitos para la operadin segura certain transformers to produce an output voltage of 12,
del conv~ertidor. _Resultados de simulad@n validan el buen 24, or even 48 pulses. The control of these converters are
desempéo del sistema propuesto. complex, having a slow dynamic response to load steps.
Nowadays to ensure the operation with highly nonlinear
loads and unsymmetrical and/or single-phase loads require
Currently it is preferable to use electrical energy to repla ments are mandatory issues to be accomplished.
pneumatic, hydraulic and mechanical means to feed aircrafin [1], [2] three different topologies (12-pulse rectifier,
systems such as utility function, flight control actuatiand three-level two-level three-phase rectifier) have been-com
environmental control systems. This option presents the bgared for applications in future more electric aircrafteTh
efits of decreased weight of the aircraft, reduced necessiymparison was done in terms of volume, weight, power
for support equipment in ground as well as maintenance agignsity, switching losses and efficiency. This comparison
expanded reliability. showed that active system depicts the promising of an incre-
Ground power units (GPUs) are considered as powerent of the power density with higher switching frequency
supply for aircrafts in military and civil aviation, shipsidar and/or reducing volume of passive devices, in particular,
and others. The machinery is meant to be establishedtiie three-level rectifier is considered as the most suitable
airports and employed as the electrical power supply fgolution.
airplanes during refueling and loading operations. This is To improve the performance of the equipment, several
preferable with the goal of reducing costs, because the powentrol techniques have been presented. Among them it
can be converted on the ground in a cheap and efficient wigy possible to find sliding mode control, selective har-
than burning jet fuel on the airplane. The main applicatiomonic control, dead-beat (DB) control, repetitive control
of this equipment is to turn off the auxiliary power unitproportional-integral (Pl), optimum state space control,
(APU) of the airplane to decrease air contamination, noigeroportional-resonant (PR) control, feed-forward cointro
maintenance revision of the APU or inclusive engine stamong others [3]-[7].
ing. In [8] the classical configuration for a GPU which is
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formed by an uncontrolled AC-DC converter with a conan input active filter circuit. This rectifier is linked to arée-
trolled DC-AC converter is presented. Only simulation rdevel neutral-point-clamped (NPC) converter connectehto
sults are showed with a space vector modulation scheme i&olated transformer which generates the required 115[V]
the inverter side. A dual-loop proportional-resonant (R)P with 400[Hz].
method is presented in [7]. The technique has the advantag&he three-phase rectifier with input active filter circuitsva
of restricting load disturbance with fast dynamic responseirst proposed in [22] which consists of two active networks.
In [9] a resonant controller is presented for the operation The shaping network is implemented with a half-bridge
of a 400[Hz] ground power unit considering the computatiofiverter commutation at high switching frequency. In this
delay to keep reduced THD of the output voltage. In [1{etwork a current-mode control generates the third-haitnon
a new control strategy is introduced using resonant cogarrent which is synchronized with the AC mains.
trollers for the operation in parallel of 400[Hz] convesen  The injection network is formed by three bidirectional
ground power units (GPUs) for aircrafts. Parallel operatiq,gmmutation devices working at low frequency and an
is required when a single equipment cannot meet the pow&fiuctor. Only one of them must be turned on at avery
requirements. It is observed that the phase, frequency gfe nonetheless a short overlap along the control signals
amplitude of the output voltages in the inverters must he necessary to prevent over-voltages due to the inductive
carefully controlled (specially when resonant contrallare - characteristic. With these switches, it is possible to ctele
used) because even a reduced phase difference among{fie,aih of the inductor current to be added to the respective
parallel inverters could generate huge circulating curren4se generating a sinusoidal source current with a reduc-
The proposed control strategy retains the benefits of usifign iy the conduction losses. The negative output voltage
resonant controllers and high power sharing performanggminal is linked to the mains via a diode of the lower half
even with small impedance [11]-{14]. In [15], an individualyigge of the diode rectifier. Thus, no common mode voltage
voltage-loop with harmonic controller is presented tp 9¢d being generated with the switching. The third harmonic
a better waveform of the output voltage for a three singlgsiection rectifier shows a low implementation effort but
phase H-bridge inverter with a multi-limb output transf@m \\ithout a control of the output voltage which is directly

with Y-Y connection. A digital control method is proposeQygtermined by the diode bridge rectifier exhibiting a six-
in [16] to mitigate load disturbance maintaining low THDpuIse waveform at each cycle.

and compensating computational delay. The technique uses
resonant controllers designed as IIR filters to remove 3rd, . N . . ]
5th and 7th harmonics. All these papers include only e Modulation of the Rectifier with Input Active Filter

control for the inverter but the rectifier and transformex ar 1o current injection circuit is modulated at low fre-

not deeply discussed. _ _quency, following the input voltages of the rectifier consid
In [17] a single-phase AC-AC matrix converter (SPMC) iging that the active current injection occurs at any tinte in

used to obtain a constant 100[V]-400[Hz] output waveformg,|, one network phase based on Table I. The bi-directional

despite of the perturbations in the load or supply. Classicgjitches of the injection circuit connects the filter incarct
modulation schemes for this converter are sinusoidal pulggihe input phase with the lowest absolute value, allowing

width modulation (SPWM) and equal pulse width modulape operation with low power and losses. The magnitude

tion minimizing the harmonic distortion. _of this injection current is defined by the output power of

The design, as well as the control and implementation gfe converter. When the input active filter is disabled, the
athree_—phase GPU for aircraft servicing is presented i [1&, ut currents flow through the diode bridge only and they
[19] using a three-phase matrix converter where an outpifly highly distorted. When the input active filter is enabled

LC filter is considered at the output side. A four-leg matrif,e jnductor current;, is injected through the bi-directional
converter with an output C filter is proposed to be used asyitches achieving sinusoidal input currents.

a 400[Hz] aircraft ground power unit (AGPU) in [20], [21].

A resonant controller and a single loop repetitive voltage TABLE |
controller are considered to regulate the converter inrorde MODULATION OF THE CURRENT INJECTION CIRCUIT
to obtain a fixed load frequency and voltage independent of Sector S, S, S
the load present on the aircraft grid using optimal Venturin 0°-60° 0 1 0
and SVM techniques. One important issue that has not been 60°-120 1 0 O
considered in these papers, is that no isolation and EMi filte 12¢°-180°° 0 0 1
considerations are provided. éigggg (1) é 8

In this paper a new ground power unit for aircraft appli- 30036 0 1 0

cations is proposed. A detailed description of the topology
as well as the procedure design will be introduced in the
following pages.

The switches of the half-bridge operate at high switching
frequency. They are connected at the other end of the
o inductor and are used for the control of the input activerfilte
A. General Description inductor currentiz. With this input active filter inductor

The new architecture is presented in Fig. 1. The proposedrrentiy,, the source currents present a sinusoidal waveform
topology correspond to a three-phase AC-DC rectifier wittind in phase with their respective source voltage.

Il. PROPOSAL OF ANEW AIRCRAFT GROUND POWER
UNIT



Load

Fig. 1. Proposed topology for a new aircraft ground powet uni

C. Inductor Design It has been observed that there is no significative differ-

The inductance value of the proposed converter is d@2ce on the output side even when DC-link voltage presents

signed at the commutation frequency of the shaping négrge oscillations due to the injection of currept through
work, considering: the mid-point of the capacitors (when no minimization of

i 1S considered). This effect produces large variations of
- V3 X Vg rms 1 voltage that reduce the operating range of the output veltag
T 4 X fox Ai @) and can introduce low frequency harmonics.

whereu, s is the voltage rms valug, is the commutation The modulation of the inverter considers the minimiza-

frequency, and\i is the desired inductor current ripple. 10N Of the mid-point current,, in order to reduce these
By considering aAi — 25% of the maximum current oscillations of the capacitor voltages in the DC-side.

circulating through the inductalry mqez, Whereipy me. =

In /2, with Iy the amplitude of the input currenf¢ = F Output Filter Design
P/VN). ) The design of the output filter must accomplish the
For a power of? = 10[kW], Viv = 480[V], Ai = gpecifications regarding the quality of the output voltage
2.6[A] and a switching frequencys = 36[kHz], the \yayeform, dynamics and conducted electromagnetic inter-
inductor valueL is given as ference (EMI). Based on Fig. 2, the following requirements
V3 x 480 < 2.9 ) have to be met:

T 4x36000%x26 — « Peak-to-peak output voltage ripplev,,,; bellow 1.0%
D. Capacitor Design of the nominal output voltage peak value, according to

standard MIL-STD-704F. This is defined dsv,,; <

The capacitolC' is designed considering to limit the rise
of the diode bridge output voltage. A reasonable margin is
to establish the maximum voltage ripplev around 2.5%
of the diode bridge output voltage.

4.6[V].

« Peak-to-peak filter inductor current ripplei;, bellow
30% of the nominal output current peak value. For this
caseAir < 6.4[A].

O < In (1= ) 3) o Maximum small signal output impedanc&,,: maz-

~ 2x Av X fq mens It is selected as 3.5 times higher maximum output
impedance Zout maz < 3.5[Q].

with m,,,;» the minimal modulation index. .
In this work the maximum voltage ripple was selected as * Meet the standard according to MIL-STD-704F for
conducted emission level.

Av = 1. f the di i I . Theref
v 5% of the diode bridge output voltage. Therefore, « Additionally, the output filter should have minimum

26 (1-05) < 12[uF] weight, minimum value, minimal cost and/or minimal
2 x (0.015 x /3 x 480) x fs - @ losses.
4

By considering a series connection of the capacitors, it is

obtained " M
C N Cl + 02 [ F] (5) © Variable Frequency v
C1 x Cy a s ,/’ N2 .
. £ /1 N g
Assuming thaiC; = Cs, thus ) @@f, i EANEEY - §
o i yd NN
¢ = 5k ©® i e
% Frequency Distortion Amplitude, dBV_ \ F
3 E 45 400 Hz VF \ E]
E. Modulation for the NPC Inverter g o owl o N B
8 -20 - - 0.1000
The output state considers a three-phase neutral-poimt: T T IS \\
. . . . 6,000 4.00 10.00
clamped (NPC) inverter with a delta-star isolation trans-, sooo0 | e s
. . . . 1,000,000 — -34.44
former. For simplicity, the NPC converter operates in an,, N A
open loop. A compensation for the total DC-link voltage " o b oo 1o oo

Frequency, Hertz

variation (six-pulse shape) is included in the modulation
scheme. Fig. 2. Maximum distortion spectrum of 400[Hz]



The design concept of the output filter, is to interpret th€00[Hz] system based on the standard MIL-STD-704F [24]
requirements previously mentioned into boundaries of the presented.

L;-Cy plane. Other restrictions like the maximum reactive Finally, a maximum reactive filter capacitor current is
filter capacitor current can be considered infheC'y plane. considered where the peak value of the reactive current is
By following the guidelines presented in [23], it is possibldefined by
to obtain the optimal parameters for the filter and also to _
evaluate the promising advantages of several filter topeog iemea = w0oCrV200un < 3[4] (10)
(single-stage or multi-stage filters). with w, = 27400.

As demonstrated in [23], no design space exits in a single-By using a commutation frequency ¢f = 36[kHz], it is
stage output filter based on the mentioned requiremepisssible to obtain the following parameters that accomplis
because the other requirements cannot be met at the samf the different design criterion:
time EMI criterion. In order to solve this issue, there are at Ly =574[uH]
least four principal alternatives to define a common design, Cfy =3.58[uF]
space. o Ly =5.74]uH]

1) Diversified bridge-legs per phase could be operateds Oy, =3.22[uf]

interleaved and linked in parallel to a single-stage filter. o 1., =2.87[uH]

2) It is possible to increase the voltage level numbers toq damping resistoR, is obtained based on [25]. The

decrease the high frequency output voltage ripple.  ggjection ofR, that reduces the peak output impedance, for
3) Diversified bridge-legs per phase can be linked a'?;{jgiven selection of., is detailed by:
operated hard in parallel to a single stage filter.

4) Output filter number stages can be increased to get Ry = RoQopt (11)
higher attenuation for higher frequency components
(>150[kHz)) in the output voltage. where
In order to save volume and cost, option 4 is selected by
considering a two-stage output filter. and & are scaling R, = Ly (12)
weights of the second filter stage which can be chosen to Cra
obtain the smallest total filter volume. Based on the anglysi
done in [23] (which was made using commercial informa- Qo — r(3+4r)(1+2r) (13)
tion), the smallest filter volume &7 ,,,;,, =209.2m3 and ort 2(1 + 4r)

it is obtained forn = 0.01 and &k = 0.9. As depicted in .

Fig. 1, in order to avoid resonances produced at the secdlip 7= La/Ly1. ThusRg = 1.210.
filter stage, a paralleR;-L, damping filter is addedL; iS G. |solation Transformer

selected ad.q =nLy/2.

. . L The output filter is connected to a delta-star isolation
The maximum ripple of the output voltage is given by eq,

ansformer. The reason behind the delta-star connection i

(7). because with this connection it is possible mitigate thecff
_ of load imbalances and distortions.
Avgus = ml(lim)”j < 4.6[V] ©) N
6L:Cyf? P _ (14)
where m corresponds to the modulation index afid is N
the switching frequency established #s =36[kHz]. As v V3u, 1
observed,Av,,,; is equivalent to the DC-link voltage,. s T T, (15)

and inversely equivalent to the commutation frequency.
The maximum ripple of the inductor current can be
determined as:

IIl. SIMULATION RESULTS

In order to validate the performance of the proposed

topology and the design of converter's components, sim-

< 6.4[A] (8) ulations have been done in Gecko Simulation software.

2L¢ fs Three cases are considered: first when no input filter and no

It is observed that this expression does not depend ijection circuit are considered; second, when is evatliate
C/, the filter capacitance value. The ripple of the curreitfie operation with an injection circuit and no input filter
Aiy is equivalent to the DC-link voltage,. and inversely and finally, when both input filter and injection circuit are

1 —m)vge

Ai, = m(

equivalent to the commutation frequency. included.
The maximum output impedance is defined as: Fig. 3 and Fig. 4 show the results for the first case. In Fig.
I 3 is evident that when no input filter and no injection circuit
Zout = ! < 3.5[Q] (9) is considered, the source currents are highly distorted

2(1 = m)CyZin which is an undesired effect (Fig. 3b). A good balance of
whereZ;,, = vq./(2Ai,,t). The output impedance is linearthe DC-link capacitorsz.; and vg.2 is observed in Fig.
equivalent to the ratio along the filter inductance and ti8e. On the load side, the load curreptand load voltage
filter capacitance.;/Cy. v, show a sinusoidal waveform accomplished the desired

In addition conducted emission are considered based witage which has been established as 115[V] - 400[Hz]
Fig. 2 where the maximum distortion spectrum of a 115[V]&ig. 4).
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Fig. 4. Simulation results without input filter and injectigircuit: a) IAF
currentiy,[A]; b) load currenti,[A]; ) load voltagev,[V].
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Fig. 5. Simulation results without input filter: a) sourcdtage v, 4[V];
b) source current, 4[A]; ) capacitor voltages .1 [V], vgea[V].
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Fig. 6. Simulation results without input filter: a) IAF cunte: 1, [A]; b)
load currenti,, [A]; ¢) load voltagewv,[V].
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Fig. 8. Simulation results: a) IAF currefig, [A]; b) load currenti,[A];
c) load voltagev, [V].

The performance of the proposed converter when the
injection circuit is considered but not an input filter, is
depicted in Fig. 5 and Fig. 6. As expected the source current
isAo presents a sinusoidal waveform but highly distorted
(Fig. 5b). Similarly to the previous case, a good balance
of the DC-link capacitorsvg.; and vg.o is observed in
Fig. 5¢c. An almost triangular waveform is obtained in the
inductor current circulating through the injection circui
as indicated in Fig. 6a, which is necessary to impose a
sinusoidal waveform at the input terminals. Again, the load
currenti,, and load voltage,, show a sinusoidal waveform
which accomplished the desired voltage which has been
established as 115[V] - 400[Hz] (Fig. 6b and Fig. 6c).

Finally, Fig. 7 and Fig. 8 display the simulation results of
the proposed converter, operating with the input filter doed t
injection current circuit. As expected, the performancthef
proposed topology produces a sinusoidal source cufggnt
with a low harmonic distortion due to the injection circuit
and the input filter. Similarly to the two previous cases, the
DC-link capacitora,.; anduvg.2 keep balanced all the time,
Fig. 7c. In Fig. 8a is observed the inductor current through
the injection circuit. Sinusoidal load curreit and voltage
v, are observed Fig. 8.

IV. CONCLUSION

A new AC-AC topology for ground power unit supply
in aircraft applications has been presented in this paper.
The proposed converter is based in a AC-DC converter with
an injection current circuit linked with a three-level neut
point clamp converter connected to an isolation transforme



to generate 115[V] at 400[Hz]. The design of the different7]
components that create the converter are detailed. Siiowlat

results have demonstrated the correct performance of the
converter.
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