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Abstract—A new ground power unit configuration is introduced in this paper. The architecture comprises a six-pulse
rectifier with active current injection in the input stage to achieve
high-performance conversion with low polluted ac spectrum,
whereas the output voltage is synthesised with a neutral-point
clamped inverter to attain an output with high quality that
simplifies the LC filter development. The entire design of the
static power converter is presented in this work, while simulation
results are conducted for the validation of this proposal. A
regulated output voltage with low distortion accomplishing the
standards confirms the viability of this scheme.
Index Terms—Ground power unit, ac-dc power converters,
neutral-point clamped inverter

I. I NTRODUCTION
Modern developments in the aerospace industry increase
the use of motor drives and power electronics replacing the
mechanicals actuators and following the emerging concept of
more-electric aircraft [1]. Additionally, the agreements of the
green agenda force restrictions to reduce both consumption of
fossil oil and noise pollution. These constrains also ought to be
obeyed during the refuelling and loading of the aircraft. Consequently, an external power source with high-performance is
required to supply electricity to the plane during these operations complying with the standards of this application [2, 3].
The solution relies on static power conversion techniques and
it is known as ground power unit (GPU) [4]. This proposal is
used for civil and military purposes [5, 6], providing constant
ac output voltage (magnitude and frequency) regardless of the
load and isolated from the ac mains [7].
The GPU must convert the mains voltage to a three-phase
system with 115 Vrms at 400 Hz. The classical architecture
comprises an input filter, a rectifier, an inverter, an output
filter, and an isolation transformer. Alternatively, matrix converters have been considered for this application [4, 5]. The
input filter is linked to the rectifier in order to minimise
the impact of the ac-dc conversion. Multi-pulse, two-level
and multilevel rectifiers have been proposed in the ac-dc

stage in order to minimise the ac current harmonics [8]. The
multilevel technology has been proposed recently for the dcac stage [9]. These power converters are suitable for this use
taking into account the higher quality output, lower commonmode voltage, and lower 𝑑𝑣/𝑑𝑡 emissions with respect to
the conventional two-level inverters [10]. The ac output is
commonly linked to an LC filter to mitigate the current ripple
and the aircraft has to be isolated from the static converter by
using a galvanic transformer. Finally, for the control of this
configuration different schemes such as linear proportionalintegral, proportional-resonant, dead-beat, selective harmonic
mitigation, sliding mode were proposed [11-15].
The employment of diode bridge rectifiers with passive
filters is straightforward at the sake of not providing the best
performance in the ac-dc stage of the GPU. This combination
might affect the operation (causes distortion), uses bulky
passive components and requires complex design for highorder implementations [16]. Current injection methods are
more attractive and suitable for the characteristics of this
application, providing high-performance and small size/weight
configurations [17, 18]. This proposal designs the GPU using
an active third harmonic injector [19]. This provides low
switching frequency, simple control and has the capability of
generating sinusoidal current in the mains side.
Multilevel inverters were recently proposed for GPU [20].
This technology is appropriate considering the requirements
of this application such as the low frequency index (ratio
between the sampling and the fundamental frequencies) due to
the demanded output frequency (400 Hz, eight times the conventional value) that constraints the quality of the output for
conventional voltage source converters. The model introduced
includes a three-level neutral-point clamped (NPC) inverter,
which is one of the most promoted topologies for medium- and
high-power purposes [10]. Modulation and control strategies
for this inverter have been extensively studied and can be
implemented for this development.
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Fig. 1. Scheme of the developed ground power unit for aircraft applications.

The paper is organised as follows. First, the design of the
GPU is described including the filter and control strategies
for the power conversion in Section II. Then, Section III
presents the simulation tests and assesses the results. Finally,
the conclusions are summarised in the last section of this
manuscript.
II. D EVELOPMENT OF THE N EW G ROUND P OWER U NIT
T OPOLOGY
The introduced GPU configuration is presented in Fig. 1.
The ac-dc conversion stage is a three-phase six-pulse diode
bridge rectifier with an active third harmonic injection filter.
This supplies the dc-link of a three-level NPC inverter that
generates an ac of 115 Vrms at 400 Hz output for the
aircraft. The GPU is linked to the latter through an isolation
transformer accomplishing the standard.
The high-efficiency rectifier with active current injection has
been introduced in [21]. The injection circuit uses three bidirectional power switches, while the current shaping employs
a half-bridge inverter and an inductor. The current injection
method is simple reporting a low switching frequency. At
every time, only the bidirectional switch connected to the
phase with the lowest absolute voltage value is turned on
with a small overlap to avoid over-voltage in the inductor.
Nevertheless, Two diodes have been included next to the
inductance for safety. The half-bridge inverter is modulated
to generate the third harmonic current synchronised with the
mains. The dc voltage is determined by the ac power source.
The NPC inverter is controlled by means of a pulse width
modulation (PWM) technique that balances the dc capacitors
by using the method proposed in [22]. This is for the sake of
simplicity in a preliminary validation of the developed design.

TABLE I
S WITCHING CONTROL FOR THE CURRENT INJECTION CIRCUIT

Sector
0∘ -60∘
60∘ -120∘
120∘ -180∘
180∘ -240∘
240∘ -300∘
300∘ -360∘

𝑆𝑎
0
1
0
0
1
0

𝑆𝑏
1
0
0
1
0
1

𝑆𝑐
0
0
1
0
0
0

The design procedure of the entire GPU scheme, including
the passive filters, are detailed as follows.
A. Current Modulation and Third Harmonic Injection
The current injection control is simple and follows the
technique implemented in [19]. Then, the bidirectional power
switch activation is synchronised with the mains as is summarised in Table I. Notice that the switching frequency is
only two times the fundamental component of the ac power
source and the injection is performed in the phase with the
lowest voltage, achieving an positive impact in the losses
and the power required by this circuit. The controller only
needs comparators to generate the switching signals of the
bidirectional power switches.
The half-bridge inverter controls the current injected
through the bidirectional power switches. The reference current is a semi-triangular waveform synchronised with the ac
mains but at six times the fundamental component frequency.
The current regulator is a proportional-integral controller plus
PWM to generate the switching signals of the half-bridge
inverter and to synthesise the reference in the inductor (𝑖𝐿 ).
This active current injection scheme generates a sinusoidal
waveform in the ac line with a quasi unitary power factor.
However, with this additional circuitry the output voltage
cannot be controlled and its value depends on the magnitude
of the ac mains.
B. Inductor
For the design of the inductance 𝐿, the ac voltage, switching
frequency (𝑓𝑠 ) and semi-triangular peak-to-peak current value
(Δ𝑖) should be considered. The value of the inductance is
related to these parameters, as follows:
√
3 × 𝑣𝑎,𝑟𝑚𝑠
(1)
𝐿 ≤
2 × 𝑓𝑠 × Δ𝑖
being 𝑣𝑎,𝑟𝑚𝑠 the rms phase voltage of the mains. Considering
Δ𝑖 = 25% of the maximum current (𝐼𝐿,𝑚𝑎𝑥 = 𝑃/𝑉𝑁 ), the
rated power 𝑃 = 10[kW], 𝑉𝑁 = 480[V] and the switching
frequency 𝑓𝑠 = 36[kHz]; the ripple current Δ𝑖 = 2.6[A] and
the inductance 𝐿 yields
√
3 × 480
𝐿 ≤
≤ 2.2[𝑚𝐻]
(2)
4 × 36000 × 2.6
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Fig. 2. Spectrum of 400[Hz] defined by the standards.

C. Capacitors
The capacity of the dc-link, 𝐶, is designed considering the
voltage ripple of the diode bridge output. This commonly is
calculated as follows
𝐼𝑁
𝐶 ≤
(1 − 𝑚𝑚𝑖𝑛 ),
(3)
2 × Δ𝑣 × 𝑓𝑠
with 𝑚𝑚𝑖𝑛 being the minimal modulation index, while Δ𝑣
is the voltage ripple. For this proposal, the maximum voltage
ripple Δ𝑣 = 1.5% of the diode bridge output voltage. Then,
the series equivalent capacitor is:
2.6
√
(1 − 0.5) ≤ 12[𝜇𝐹 ]
2 × (0.015 × 3 × 480) × 𝑓𝑠
(4)
Next, by assuming that 𝐶1 =𝐶2 , the series capacitors are:
𝐶 ≤

𝐶1 = 𝐶2 = 24[𝜇𝐹 ]

(5)

D. Control of the NPC Inverter
The dc-ac stage is a three-level NPC power converter linked
to the aircraft through a Δ-Y transformer. In order to provide
simplicity in the introduction of this proposal, the inverter
is controlled by using a PWM algorithm that balances the
neutral-point of the dc-link. The variation of the dc-bus voltage
due to the voltage ripple of the bridge rectifier is included in
the modulation strategy by using a measurement of the dclink voltage. The minimization of the mid-point current of
the dc-bus is performed via the PWM method by injecting
zero-sequence in the reference voltage. The injected amount is
proportional to the difference between the capacitors’ voltages
[22]. Thus, the drift of the capacitors’ voltages is regulated
within a small band.
E. Output Filter
The output filter must comply to the quality standards of the
output voltage for aircrafts. The following requirements rule
this application and are summarised in the frequency response
of Fig. 2:
∙

Peak-to-peak filter inductor current ripple Δ𝑖𝐿 bellow
30% of the nominal output current peak value. Particularly, Δ𝑖𝐿 ≤ 6.4[A].
∙ Maximum small signal output impedance 𝑍𝑜𝑢𝑡 𝑚𝑎𝑥 . This
parameter is set to 3.5 times the maximum output
impedance, 𝑍𝑜𝑢𝑡 𝑚𝑎𝑥 ≤ 3.5[Ω].
∙ Meet the standard according to [3] for conducted emission levels.
∙ Additionally, the output filter should have minimum
weight, minimum value, minimal cost and/or minimal
losses.
These requirements are the constraints in the design process
of the output filter. Additionally, electric restrictions such as
maximum reactive filter capacitor current ought to be considered. Proceeding according to the guidelines for optimum
parameters of [23], the LC bank of the filter is identified and it
is possible to evaluate single- or multi-stage topologies for this
application. The analysis of [23] demonstrates that single-stage
filter does not comply with the previous criteria and the EMI
stipulations at the same time. Let us consider the following
alternatives to overcome these limitations:
1) Interleaved bridge-leg per phase linked in parallel to a
single-stage filter.
2) Larger number of voltage levels to decrease the high
frequency output voltage ripple.
3) Diversified bridge-legs per phase can be linked and operated in parallel with a single stage filter.
4) Larger number of stages to attain higher attenuation for
higher frequency components (>150[kHz]).
The last option enables a reduction of the size and cost. The
optimum design is achieved with a two-stage LC bank. Let us
consider 𝑛 and 𝑘 as the scaling weights of the second stage
designed with the aim of reducing the total volume. Following
the procedure of [23] sustained by commercial information,
the smaller filter is 𝑉𝑓,𝑚𝑖𝑛 =209.2𝑐𝑚3 and it is obtained for
𝑛 = 0.01 and 𝑘 = 0.9. A parallel 𝑅𝑑 -𝐿𝑑 damping branch
(𝐿𝑑 =𝑛𝐿𝑓 /2) is added for safety purposes under possible
resonance sources, see Fig. 1.
The maximum voltage ripple is given by the following
expression:
∙
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Peak-to-peak output voltage ripple Δ𝑣𝑜𝑢𝑡 bellow 1.0%
respect to the nominal value [3]. Then, Δ𝑣𝑜𝑢𝑡 ≤ 4.6[V].

Δ𝑣𝑜𝑢𝑡 =

𝑚(1 − 𝑚)𝑣𝑑𝑐
≤ 4.6[𝑉 ]
16𝐿𝑓 𝐶𝑓 𝑓𝑠2

(6)

where 𝑚 is the modulation index and 𝑓𝑠 is the switching
frequency (𝑓𝑠 =36[kHz]). Notice that Δ𝑣𝑜𝑢𝑡 is proportional
to the dc-link voltage 𝑣𝑑𝑐 and inversely proportional to 𝑓𝑠 .
The current ripple in the inductance is given by:
Δ𝑖𝐿 =

𝑚(1 − 𝑚)𝑣𝑑𝑐
≤ 6.4[𝐴]
2𝐿𝑓 𝑓𝑠

(7)

Notice that Δ𝑖𝐿 is independent from 𝐶𝑓 , and it is defined by
the dc-link voltage and the switching frequency.
The output impedance can be attained as follows (𝑍𝑖𝑛 =
𝑣𝑑𝑐 /(2Δ𝑖𝑜𝑢𝑡 )):
𝑍𝑜𝑢𝑡 =

𝐿𝑓
≤ 3.5[Ω]
2(1 − 𝑚)𝐶𝑓 𝑍𝑖𝑛

(8)

The output impedance depends on the ratio 𝐿𝑓 /𝐶𝑓 . The
emissions are also considered following the response of Fig. 2,
and the standard [3] with maximum distortion [24].
The peak reactive current in the capacitor is expressed as:
√
(9)
𝑖𝑐,𝑚𝑎𝑥 = 𝑤𝑜 𝐶𝑓 2𝑣𝑜𝑢𝑡,𝑛 ≤ 3[𝐴]
where 𝑤𝑜 = 2𝜋400. Finally, the parameters are obtained for
the different design criteria considering a switching frequency
of 𝑓𝑠 = 36[kHz]:
∙
∙
∙
∙
∙

𝐿𝑓 1 =574[𝜇H]
𝐶𝑓 1 =3.58[𝜇F]
𝐿𝑓 2 =5.74[𝜇H]
𝐶𝑓 2 =3.22[𝜇f]
𝐿𝑑 =2.87[𝜇H]

side sinusoidal behaviour is accomplished ensuring 115[V] at
400[Hz] as indicated in Fig. 4.
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The damping resistance 𝑅𝑑 is calculated following the
procedure of [25], where the peak output impedance reduction
is attained for a given 𝐿𝑑 . The result is shown as follows:
𝑅𝑑 = 𝑅𝑜 𝑄𝑜𝑝𝑡
√
𝑅𝑜 =
𝐿𝑓 2 /𝐶𝑓 2
√
𝑟(3 + 4𝑟)(1 + 2𝑟)
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2(1 + 4𝑟)

Fig. 3. Performance of the GPU in the dc-side without the input filter and the
injection circuit: a) power source voltage 𝑣𝑠𝐴 [V]; b) ac line current 𝑖𝑠𝐴 [A];
c) capacitor voltages 𝑣𝑑𝑐1 [V] (red line), 𝑣𝑑𝑐2 [V] (blue line).
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where 𝑟 = 𝐿𝑑 /𝐿𝑓 1 . Thus, 𝑅𝑑 = 1.21Ω.
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The GPU is connected to the aircraft through a delta-star
isolation transformer. This configuration mitigates the effect
of load imbalances and distortions. The primary-to-secondary
turn ratio is designed as follows:
𝑁𝑝
= 𝑎
𝑁𝑠
√
3𝑣𝑜
𝑉𝑠 =
𝑎
III. R ESULTS

0.028
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0.024

(11)

The GPU is implemented in a Gecko Simulation environment to demonstrate the viability of this design. First, the
input filter and the active current injector are removed from the
developed GPU to present the natural response of the system
without these stages. Next, the ac current characteristics when
only third harmonic current is injected by active network
is analysed. In the third assessment, the entire developed
topology performance is presented.
The response of the GPU when only the three-phase diode
rectifier is implemented in the ac-dc stage is indicated in
Fig. 3. The mains’ voltage and current (both for phase
𝑎) along with the dc-voltage distributed in the capacitors
are shown. The resulting ac current, Fig. 3b, is the wellknown six-pulse pattern with significantly high distortion,
which is unacceptable for this application. On the other hand,
the modulation technique implemented in the NPC inverter
demonstrates acceptable performance balancing the capacitor’s
voltages with imperceptible differences, while in the aircraft

0
-100
0.02

Time [s]

Fig. 4. Performance of the GPU in the output ac-side without input filter and
injection circuit: a) IAF current 𝑖𝐿 [A]; b) load current 𝑖𝑢 [A]; c) load voltage
𝑣𝑢 [V].

The second test is conducted by adding the third harmonic
injection scheme. The active network enhances the quality of
the currents in the mains side with respect to the previous
case, and is synchronised with respect to the phase voltage
(high power factor) as depict figures 5a and b. However, this
is still highly distorted and does not meet the requirements of
these applications. The balance of the capacitor voltages 𝑣𝑑𝑐1
and 𝑣𝑑𝑐2 again are kept within a very small band by using the
modulation algorithm, see Fig. 5c. The semi-triangular current
injected by the active circuitry is presented in Fig. 6a, while
figures 6b and 6c show the response in the aircraft side. The
output voltage is regulated properly with sinusoidal waveform
and the voltage and frequency specified by the standard [3].
Finally, simulations of the entire design are carried out.
Thus, the input filter together with the active third harmonic
current technique are shaping the ac current at the input,
while the NPC inverter regulates the output with the PWM
method to supply the load demand. The behaviour of the
variables of the mains side is drawn in Fig. 7. The resulting
ac currents (Fig. 7b) present low harmonic content with high
power factor, whereas the admissible performance in the dclink is maintained as indicated in Fig. 7c. The active current

injection along with the ac output characteristics observed in
Fig. 8 are the same as the previous two tests.
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Fig. 5. GPU performance with the active current injection: a) source voltage
𝑣𝑠𝐴 [V]; b) source current 𝑖𝑠𝐴 [A]; c) capacitor voltages 𝑣𝑑𝑐1 [V] (red line),
𝑣𝑑𝑐2 [V] (blue line).
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the rectifier, while the inverter is a three-level NPC power
converter. Ohmic response is attained in the mains side, while
the capacitors’ voltage are balanced with satisfying matching.
The output voltage is is sinusoidal in accordance to the MILSTD-704F standard.
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IV. C ONCLUSIONS
A new scheme of an aircraft GPU has been developed
in this work. The paper describes the design of the entire
unit innovating in the ac-dc and dc-ac stages. An active
third harmonic injection configuration has been considered for
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