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Abstract:
Jet engines consume a lot of power at start time which makes it necessary to use a ground power
supply unit (GPU). The GPU must provide the aircraft’s demanded power at the start point only.
One of the most important factors in supplying the required power for jet engines is to provide the
necessary quality for the transmission of electricity to the aircraft. There are a lot of standards to
check the quality of the starter among them MIL-STD-704 military standard is one of the most
frequently used ones. This standard governs two principles of the power quality and transmitted
power to flying vehicles. A GPU system is designed and implemented in this paper to meet the
requirements of MIL-STD-704. This paper proposes a new approach to implement a starter system
for turbo-shaft engines. The transformer tap changer mechanism is used for voltage control and
the parameters of the transformer are also optimized using Maxwell software to reduce losses.
The power quality value is achieved based on an adaptive smart filtering system implemented at
the output terminal of the starter system. This smart filter is designed to be controlled based on a
support vector machine (SVM) machine learning scheme. Experimental results are provided to
illustrate the successful and high-quality supply of power needed to start a helicopter.
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1. Introduction

Aircraft systems, including helicopters, are composed of
very sophisticated units, all of which are driven by electric
controllers [1]. The control system in the aircraft requires
a very high power that is provided by jet engines of each
aircraft during flight. However, at the moment of start, when
the motors are in a static state, the required power should be
supplied by ground power unit (GPU) [2]. Schematic dia-
gram of the power system of a Helicopter is shown in Fig. 1
where the starter feeds helicopter engines at the instant of
start. After supplying the required power to the engines,
the starter system is disconnected from the circuit and the
required power is obtained from the engine generators.
The main task of each GPU is to provide the power needed
to drive each engine in a nominal level. The main task of
each GPU is to provide the value power needed to drive each
engine in a nominal level. This value is slightly different for
different types of aircrafts or helicopters, but the average

amount of power required to start an aircraft or helicopter
ranges from 30 to 180 KVA [3, 4].
In order to implement a system that can deliver such a value
of power, different approaches have been used namely diesel
systems, batteries which are synthesized as the auxiliary
power units (APUs), using electricity grid and transformer-
based systems.
The use of a diesel system as a grand power supply has
been very popular in the past years; those are still used in
most countries [5]. In diesel systems, the voltage control is
driven by a diesel generator excitation and makes a power-
ful controller. However, the important issue in this regard
is the slow response of the system to the rapid changes of
the aircraft dynamics, as the transient time of the aircraft
during the start is about milliseconds and the diesel system
cannot supply this level of energy at this period of time [6].
Another approach to implement the starter system using
auxiliary power units (batteries). Batteries deliver an ac-
curate voltage of 28 volts so that the system can operate
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Figure 1. Helicopter power system including circuit breakers and auxiliary ground power supply unit [1].

without any voltage drop. But the batteries, based on their
cellular structure, have different capacities. In the best con-
ditions, the battery system only can start the engines 400
times, which means that the system will work not longer
than one year. In addition, the shelf life of each battery in
storage conditions is at most 6 months. As a result, battery-
based systems cannot be used as a permanent structure [7].
One of the methods employed is to use the electricity grid
to provide the power needed by the helicopter at the mo-
ment of the start [8]. In this method, the voltage level of
the network should be reduced to a voltage of 28 volts, as
well as converting AC to DC power. There are different
ways to reduce the voltage level today, one of which is the
use of power transformers. In this method, the voltage is
reduced to a voltage of 28 volts and the value of power re-
quired at the start time is provided by the transformer. The
main drawback of this method is that there is no voltage
control, which causes 4 to 10 volts voltage decrease dur-
ing start-up. The voltage drop at the start-up depends on
the transformer’s wiring parameters such as the diameter
of the wiring, the primary and secondary wiring, and the
insulation and core of the transformer [9]. The use of an
auto-transformer or the use of tap-changers at the input of
the power transformer reduces the level of voltage drop
and the device has the ability to pass the MIL-STD-704
standard. This standard considers a voltage drop of up to
22 V [10]. In the case of using an autotransformer or us-
ing a tap-changer, the required startup power is generated,
however, the power quality proposed by the standard is not
operational. To achieve an acceptable power quality, a filter
should be used at the output of the starter. The use of high
frequency switching systems is another way to provide the
power needed to start helicopters. However, these systems
have the potential to damage the cold start engines due to
the very low level of protection of the transient flow system
[11].
Considering a variety of possible methods for implementa-
tion of a starter for helicopters, one can point out the high
reliability of the transformer system. However, the existing
transformer-based GPU’s do not have the ability to pass
the MIL-STD-704. In this paper, a voltage control system
as well as a voltage quality control is applied to improve

a starter system and overcome this shortcoming. A starter
system is developed which is based on the transformer struc-
ture and it is improved by voltage control and power quality
systems to meet MIL-STD-704 standard. These control sys-
tems provide required output voltage based on tap changer,
given device output data. Voltage control system and power
quality both are matched with MIL-STD-704.
To meet MIL-STD-704 requirements, firstly the transformer
core and wiring characteristics are selected using Maxwell
software to reduce power loss. Secondly, a support vector
machine (SVM) learning mechanism used to tune parame-
ters of an adaptive smart filter provides the power quality
required to handle nonlinear loads of flying equipment. This
machine learning method improves distortion and ripple co-
efficient to meet MIL-STD-704 military standard. The pro-
posed device can supply 2500 A in continuous mode with
high quality output waveform. The 40 KW power required
for a helicopter starter should be provided at a DC voltage
of 28 V and a current of about 1500 A. In the proposed
system both power generation and quality control schemes
are described.
Next section introduces the building blocks of the starter and
describes the design of the transformer to reduce power loss.
In section 3, the details of the machine learning algorithm
employed to tune the active filter is devised. Simulation and
experimental results are provided in section 4 and finally
the last section includes summary and conclusions.

2. Power generation system for helicopter
starter

As it was discussed in the previous section, the use of a
transformer for power generation is one of the most reliable
methods. By installing a transformer, the required value of
power can be drawn from the network. In this section, the
design of the power transformer-based power generation
system is devised in detail. A schematic diagram of the
designed system is shown in Fig. 2.
The electrical setup includes transformer and tap changer
system, an AC/DC uncontrolled converter, and an adaptive
smart RC filter to power quality control. A SVM machine
learning mechanism is employed to achieve an optimal
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Figure 2. The starter system including transformer, tap-changer, AC/DC converter and a smart filter for power quality
control tuned by SVM machine learning.

performance. Specifications of each unit of electrical setup
and their design requirements are provided at the following
subsections. The machine learning based smart filter, used
to power quality control, is detailed in the next section.

2.1 Transformer design
It is well known that the total loss in transformers is sum of
iron loss in core and copper loss:

Ptot = Pf e +Pcu (1)

Iron loss in core and copper loss by themselves can be
obtained by [12]:

Pf e = K f e(∆B)β Aclm (2)

Pcu =

(
ρλ 2

1 I2
tot

4Ku

)(
(MLT)
WAA2

c

)(
1

∆B

)2

(3)

where ∆B s the peak value of the AC component of flux
density related to the applied winding voltage according to
Faraday’s Law. Other parameters of equations (2) and (3)
are described in Table 1. As it is obvious from (2) and (3)
and their schematic illustration curves provided in Fig. 3,
core loss is increased by increasing flux density and copper
loss is decreased by increasing flux density. As it can be
seen in Fig. 3, there is an optimized value for flux density

Table 1. Parameters used in transformer design.

parameter Sign unit

Wire effective resistivity ρ (Ω-cm)
Applied pri volt-sec λ1 V-sec
Allowed total power dissipation Ptot W
Winding fill factor Ku
Core loss exponent β

Core loss coefficient K f e W/cm3 Tβ

Core cross-sectional area Ac cm2

Core window area WA cm2

Mean length per turn MLT cm
Magnetic path length lm cm
Wire areas AW cm2

variation obtained from the intersection of iron losses and
core losses.
Maxwell software is used to design the transformer so that
the voltage drop and losses can be optimized in the system
(Fig. 4). As it was explained, total power losses depend on
the nature of the core and the type of transformer application.
In this paper, we attempt to improve the performance of the
transformer in terms of voltage drop. The characteristics of
curves, hence the optimum point of total loss, depends on

Figure 3. Power loss curves and optimized flux density of
transformer.

Figure 4. Three-dimensional scheme of transformer de-
signed in Maxwell.
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parameters shown in Table 1. Among them, the thickness
of the core sheet, number of core sheets, type of core, and
diameters of primary and secondary wiring can be designed
to optimize the total loss. Using Maxwell software, one
can choose appropriate values of these parameters to reduce
the system voltage drop associated with the core damage
of the transformer. Table 2 shows the selected values of
the parameters and characteristics of the transformer. Other
parameters can be selected based on [13, 14].
After simulation in Maxwell software and optimizing the
materials used in the core structure as well as the designed
transformer was experimentally fabricated. In Fig. 5 the
physically implemented transformer as well as magnitude of
the magnetic flux density of the transformer extracted from
Maxwell are shown. The main purpose of designing the
transformer in Maxwell is to optimize the value of magnetic
flux through each core. To evaluate this, the magnitude of
the magnetic flux passing through the core is shown in Fig. 5
which indicates the proper distribution of the magnetic flux
in the transformer core.

2.2 Voltage control system
According to the MIL-STD-704, allowed voltage during
start-up is up to 22 volts. In this paper, this voltage is set at

Table 2. Characteristics of Designed Transformer.

Description Value

The thickness of the core sheet 0.5 mm
Number of core sheets 100
Type of core EI 500 - Silicon
Wiring Y
Primary wiring Diameter 3.5 mm
secondary wiring Diameter 8 mm
Insulation type
Thermal

Nomex sheet

Number of coils turns in primary 380
Number of coils turns in Secondary 28
Final transformer dimensions 78*38*62 cm

Figure 5. Transformer winding and flux density of core
exported.

24 volts so that the power quality of the generator can be
higher. This voltage control is based on the tap changer on
the primary. For this purpose, a 3-step tap-changer system
is implemented using a relay with a capacity of at least 120
A of direct current per phase. The tap changer operates
such that by dropping voltage below 24 volts, a 4-volt pulse
drives upwards and increases the input voltage. In this case
by increasing input voltage, which is proportional to output
voltage, the voltage value rises from 24 volts to 28 volts.
The ratio of the change in the input and output pulse is
0.1272 per phase and 0.0736 for 3 phases. These ratios
must be met at each step. This pulse control is possible
by a 16-bit processor unit installed on the device. For this
reason, according to the tap changer installed on the device,
the system voltage is always set to 24 to 28 volts based on
the MIL-STD-704.
The maximum flow rate for the input and output of the
transformer is based on the mounted 3-step tap changer, for
input of 120 A per phase, and for the output of the 2500 A
circuit at 28 volts (see Fig. 6).

2.3 AC/DC converter

In order to convert the voltage from AC to DC mode, a three-
phase full bridge rectifier has been used. In this rectifier, due
to the high flow rate, two parallel diodes with a maximum
allowable current of 1500 A have been used. Thus, each leg
of the rectifier has withstood currents up to 3000 A. In order
to reduce switching losses in diodes, the parallel snubber

Figure 6. Tap changer system, (a) implemented setup, (b)
schematic diagram: each tap can carry AC current of 100
A.
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circuit board is used [15].

3. Machine learning controlled filter for power
quality control

The MIL-STD-704 standard for reliability of electric power
provides some rules for helicopter starters. Two factors
of distortion and ripple coefficient are among the most im-
portant factors included in these rules. The max allowable
ripple level for voltage of the starter system is 1.5 volts
from a maximum voltage to medium voltage and minimum
allowable distortion is 0.0035 (for AC starters).
In this paper in order to improve the ripple level during the
starter mode, a smart adaptive filter with a SVM based ma-
chine learning controller has been used. This filter, which
is shown in Fig. 2, includes a capacitor and a resistor that
are controlled by two electronic switches to determine re-
sistance and capacitance of the circuit. Due to the low flow
in the parallel branch of the filter, switches with a current
value of 600 A are used. The two switches are controlled by
the starter CPU which is programmed based on a machine
learning mechanism that changes the capacitance and re-
sistor of the circuit according to the amount of overvoltage
and the lack of voltage. The transfer function of this filter
is:

T F =
Rt

1+RtCtS
(4)

Rt = e(−
∥xr−x′r∥2

2σ2 ) (5)

Ct = e(−
∥xc−x′c∥2

2σ2 ) (6)

where Rt is parallel resistor and Ct is parallel capacitor for
output active filter.
The SVM based learning mechanism is used to tune Rt and
Ct, which aims at obtaining their corresponding values and
desired resistance and capacitance for achieving optimal
voltage loss and ripple coefficients.
In (5) and (6), X r is a state associated with resistive values
and Xc is associated with capacitive values. σ is also intro-
duced as the system stabilizer in the radial basis functional
(RBF) equations [16]. Equations (5) and (6) characterize the
SVM system which is based on the RBF kernel. In transfer
function (4), Rt and Ct are unknown nonlinear functions the
state of the helicopter and SVM learning mechanism is used
to estimate these values. The values of Rt and Ct, are used
to determine switching modes of the converter.
In order to train the SVM system, information and data
corresponding to the device are firstly extracted. In order
to generate the desired data, an equivalent 45-kVA induc-
tive–resistive load with power factor of 0.7 is implemented
to copy the behavior of the helicopter. Using this load equiv-
alent circuit, the value of voltage drops and overvoltage is
simulated for the device and the corresponding optimal
values for the capacitor and resistance are extracted for ap-
proximately 90 samples. After extracting these 90 samples,
this database is used by SVM system to estimate values
of and . These values of resistance and capacitance were
afterwards used to obtain the voltages applied to the gate of
the power switches.

3.1 Features AC/DC converter
As it was mentioned earlier, 90 samples have been used
to train learning mechanisms. These 90 samples represent
system changes for different voltage drops, those are con-
tinuously modeled and experimentally recorded. These 90
samples consist of voltages and output current of the sys-
tem. For this reason, two variables of the system voltage
and output current are considered as the states of the learn-
ing system. With implementation of the above-mentioned
load equivalent system, with a maximum tolerable current
of 1400 A, different input voltages are supplied to the load
equivalent circuit, in order to record output voltage and cur-
rent variations. Then the learning system was trained using
this data.

3.2 Normalization
Due to structural differences in two variables used for train-
ing of machine learning system and due to the different
range of variations of these two features, the input data
has been normalized to prevent constant convergence of
the learning mechanism. There are different methods for
normalization of data. In this paper, mean and the vari-
ance values of data are employed to normalize the input
information as:

Xnorm =
X −µ

σ
(7)

In (7), µ represents the mean value of the data, σ represents
the variance value and X represents the input data associated
with the 90 samples.

3.3 Kernels
The learning structure used in this paper consists of two
major parts namely the cost function and the kernel. Cost
functions in most of SVM based learning structures are
similar with a little change, but kernels can vary desperately.
The employed cost function in this paper is:

min(CΣiyi cos(t1(θ T x))+(1− yi)cos(t0(θ T xi)+Σiθ
2
i ))

(8)
In (8), y represents the output values, x denotes input values,
θ is weighted values associated with the backup method
and C represents the fixed coefficient of the cost function.
Radial type kernel used in the learning structure is also
selected based on nonlinear behavior as the radial type is
reasonably acceptable in terms of behavior [16]. Although
some complex kernels could be used to increase the relia-
bility [17] in this paler simple radial kernel was employed
as it behaved well in terms of reliability and the appropriate
response.

4. Simulation and experimental results

4.1 Simulations
In this section we will describe the experimental and simula-
tion results. Aforementioned load equivalent circuit is used
for extracting 90 samples to train the smart filter. A starter
filter system is realized by selecting a 4700 µF capacitor
and nickel chromium 2 Ω resistor. In order to properly de-
sign the filter, using the voltage-control system sampling,
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the relevant information is extracted for the learning mech-
anism, as it is shown in Figs. 7 and 8. The SVM based
machine learning algorithm was trained to generate switch-
ing signals of switches. The whole system is simulated
in MATLAB-SIMULINK and the step response of output
voltage with the reference value of 28 volts is shown in
Fig. 9. The ripple is about 1.4% which is acceptable in MIL-
STD-704 standard. Comparing the results with [18] The
transient time is better (0.18sec vs 0.2sec) and the ripple
value is much better (1.4% vs 4.5%). This shows that the
response is acceptable according to both existing literature
and MIL-STD-704 standard.

4.2 Experiments
After designing the circuit elements, optimizing core char-
acteristics and training machine learning mechanism to tune
the adaptive smart filter, the starter mechanism is physi-
cally implemented and tested on real helicopter TP-117.

Figure 7. 90 samples of Voltage and current collected from
equivalent circuit per each load.

Figure 8. Training data of duty cycles of switches to control
resistance and capacitance values in order to achieve appro-
priate power quality.

Figure 9. Step response of output voltage with the reference
value of 28 volts for the designed starter system.

SKM150GAL12T4 Single IGBT Modules are used to im-
plement switches S1 and S2. The realized starter device
is shown in Fig. 10. Sampling time of the implemented
system is selected as 0.5 msec. To evaluate the correctness
of SVM machine learning system, the duty cycle produced
by SVM is compared by above mentioned experimental re-
sults for 90 voltage current samples. Figs. 11 and 12 shows

Figure 10. Realized starter device.

Figure 11. Capacitor switch duty cycle that applied by SVM
based GPU output waveform.
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Figure 12. Resistor switch duty cycle that applied by SVM
based GPU output waveform.

that machine learning has been trained well and can predict
the results accurately. The output voltage of the device is
recorded by a 14-bit ADC unit and the corresponding steady
state is shown in Fig. 13. It can be seen that the voltage
ripple is less than 1.5% which is comparable to simulation
results of Fig. 9 and acceptable in MIL-STD-704.

5. Conclusion
A ground power supply system was designed and imple-
mented for a helicopter system. Transformer tap-changer
based voltage control and SVM machine learning based
power quality control was used to meet MIL-STD-704
military standard. The GPU includes transformer system,
voltage control unit, AC/DD converter and machine
learning controlled output filter for power quality control.
Parameters of the transformer were optimized using
Maxwell. The transformer has multiple input taps to
supply the voltage drop value. Depending on the voltage
level required by the helicopter, the output voltage is
set to 28 volts. Based on the transformer design, this
device is capable of carrying a current of 1500 A, which

Figure 13. Steady state voltage in experimental results.

is enough for starting all types of helicopters. In order to
meet MIL-STD-704standard requirements, an adaptive
smart filter controlled by an SVM based machine learning
mechanism was used. This filter adjusts the capacitors and
resistors needed to ensure the quality of the transmitted
power. The main advantage of the present system is the
use of artificial intelligence to determine filter coefficients.
In addition, the optimization by Maxwell has reduced the
amount of core losses in the transformer.
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