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ABSTRACT The low-harmonic and high-power density multi-pulse autotransformer has many advantages,
such as simple structure, high reliability, high efficiency, strong overload ability, and so on. Therefore, it has
a broad application prospect in aviation field. The multi-pulse rectifier power system is more and more
widely used in aerospace. However, there are many practical engineering problems of the aircraft power
supply characteristics that are difficult to predict. In this paper, the aircraft power supply characteristics of
the rectified power system with 18-pulse autotransformer rectifier are simulated and investigated. According
to the handbook MIL-HDBK-704-3, the performance of the power supply in the normal, abnormal, and
fault state is verified and tested in detail. The research and discussion are carried out from six aspects: the
load measurement, the steady-state limits, the voltage phase difference, the voltage transient, the frequency
transient, and the power failure. The system can meet the requirements of the U.S. military standard
MIL-STD-704A for the aircraft power supply characteristics. It has been applied to the radar power supply
system of a large transporter, and the conformance verification test of the aircraft power supply characteristics
has been completed, which provides the practical application basis for the engineering realization of the
multi-pulse rectifier power supply in the radar power supply system. It also provides a reference for the

development of the power supply system for other aircraft.

INDEX TERMS Power supplies, power system, reliability engineering, radar.

I. INTRODUCTION

Among the majority of the current popular switching power
supply, its front input rectifier part can be seen to be
frequently using the traditional uncontrolled diode rectifier
circuit. Because of its non-linear characteristics, the input
current on the network side will be distorted and the harmonic
content is large, which will reduce the electromagnetic com-
patibility of the equipment and bring harm to the power grid
and other power equipment. As the power of the switching
power supply equipment increases, the harmonics produced

The associate editor coordinating the review of this manuscript and
approving it for publication was Tariq Masood.

by the uncontrolled rectifier are more serious. For example,
the output voltage of a three-phase uncontrolled rectifier
circuit has six wave heads in a single alternating current (AC)
cycle. The output voltage is rich in low-order harmonics,
which is not easy to filter, and the input current also injects
abundant current harmonics into the public power network.
It also pollutes the public grid. In the field of high-power
rectifier, multi-pulse rectifier technology is generally used to
reduce harmonic content [1], [2].

Due to its small size and light weight, multi-pulse rectifier
has become a constant choice of on-board equipment for
multi-power aircraft and all-electric aircraft. And with the
increasing demand for equipment, the research on multi-pulse
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rectifier is of practical value and practical significance
[3]-[5]. Multi-pulse rectifier is constructed by phase-shifting
transformer with different turn-to-turn ratio transform and
winding connection to obtain voltage vectors with different
phases. Different voltage vectors get current vectors of dif-
ferent phases via the rectifier bridge, and they are superim-
posed on the network side so that the current on the grid
side becomes a step-wave current in phase with the cor-
responding voltage, which realized the function of power
factor correction and harmonic suppression. When the num-
ber of steps of the synthesized current waveform increases,
that is, the number of voltage vectors with different phases
increases, and the number of current steps on the network side
increases, the more sinusoidal the current waveform tends to
be, the smaller the total harmonic distortion (THD) is.

Multi-pulse rectifiers are usually composed of phase-
shifting transformers and multiple rectifying bridges.
Three-phase input and multi-phase output to several three-
phase rectifier bridges are realized by transformer phase
shift. The combination of three-phase rectifier circuits makes
the harmonics generated by one three-phase rectifier circuit
counteract the harmonics generated by other three-phase rec-
tifier circuits. The multi-pulse rectifier has two advantages:
one is to reduce the harmonic content in the AC input current,
the other is to reduce the ripple in the direct current (DC)
output voltage [6].

The multi-pulse rectifiers can be divided into 6-pulse,
12-pulse, 18-pulse, and 24-pulse rectifier according to the
number of rectified pulses. The more pulse number, the better
the input current and output voltage characteristics of the
rectifier, the more complex the rectifier’s coefficient, and
the more rectifying units required. The theoretical calcula-
tion of current harmonics for multi-pulse rectifiers has been
extensively studied [7]-[14]. The theoretical values of current
harmonics of the 6-pulse, the 12-pulse, the 18-pulse and
the 24-pulse rectifiers are 31.1%, 15.2%, 10.1% and 6.8%,
respectively. The military standard MIL-STD-704A requires
a harmonic index of less than 8%. It can be seen that although
the 24-pulse rectifier meets the requirements of the mili-
tary standard, its structure is more complex than that of the
18-pulse, the process is difficult to realize, and its reliability
of practical application is not high compared with that of the
18-pulse. The 18-pulse rectifier has better rectifying charac-
teristic than the 12-pulse rectifier, the harmonic theory value
is closer to the requirement of military standard, the structure
process is simpler and easier to realize than the 24-pulse
rectifier, and the cost is relatively low. Therefore, the 18-pulse
rectifier has been widely used at present in aviation industry.
However, some practical engineering application problems
still exist and need to be solved.

The aircraft power supply characteristic standard is not
only essential for aircraft electrical system design, but also an
interface standard for aircraft power supply system and elec-
trical equipment. It is the norm to be implemented in the pro-
cess of development, production, procurement, acceptance,
use, maintenance and repair. It is the basis for the inspection

VOLUME 7, 2019

and acceptance of technical coordination at home and abroad
and the introduction of equipment. Regards to the standard
of aircraft power supply characteristic, many countries have
issued standards, such as Russia standard "OCT19705-89
“the general requirements for planes and helicopters power
supply system and power quality regulations’ [15], China
military standard GJIB181-86 “‘the aircraft power supply char-
acteristics and the requirements of electrical equipment” [16]
and the United States (U.S.) military standard MIL-STD-
704 ““characteristics and utilization of electric, power,
aircraft” [17]. Among these standards, the U.S. military stan-
dard MIL-STD-704 has the most international universality
and authority.

The MIL-HDBK-704 series manual, “guidance for test
procedures for demonstration of utilization equipment com-
pliance to aircraft electrical power characteristics” [18], is a
guided technical manual issued by the U.S. Department of
Defense in April 2004. The purpose of the manual deals
with the provisions of this series of manuals before the elec-
trical equipment is installed, to verify the conformance of
electrical equipment with MIL-STD-704 standard, so as to
coordinate the work between the equipment and the aircraft
power supply system. The MIL-HDBK-704 series manual
on the compliance verification of electrical equipment is
discussed in accordance with seven types of power supply
types specified in the MIL-STD-704 series standards. These
seven types are the single-phase 115 V/400 Hz AC, the three-
phase 115 V/400 Hz AC, the single-phase 115 V frequency
conversion AC, the three-phase 115 V frequency conversion
AC, the single-phase 115 V/60 Hz AC, the 270 VDC and
the 28 VDC power supply types. The MIL-HDBK-704 series
standards are discussed separately for the five operating states
of the aircraft power supply system. These five working states
are normal working state, abnormal working state, emergency
working state, engine starting and fault working state.

The reliability and stability of aircraft power supply are
directly related to the reliability of airborne electrical and
electronic equipment, and even to flight safety [19], [20].
Especially, the multi-electric civil aviation aircraft, repre-
sented by B787, has been put into operation, and the pneu-
matic and partial hydraulic systems have been eliminated,
which has greatly increased the power consumption and
equipment used on board. It has become clear whether the
characteristics of the aircraft’s airborne power supply system
meets the requirements is the key to ensure safe flight. There-
fore, the design of the aircraft power system must conform to
the standard at home and abroad.

The performance and quality of aircraft power supply
system impact significantly on the overall performance of
aircraft. In addition to the power capacity index, the air-
craft power supply system should meet the requirements
of the onboard electrical equipment, and it should also
have the power supply characteristics which meet the pre-
scribed requirements under various working conditions of
the aircraft, including the steady-state, transient perfor-
mance of the power supply, conversion performance and
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system compatibility. To conclude, the characteristics of
the power supply system should not only provide strict
regulations for the generation system and distribution sys-
tem, but also have corresponding limitations on the power
equipment.

With the development of aviation industry and the con-
tinuous improvement of aircraft performance, a large num-
ber of high performance power electronic equipment are
installed and used one after another. The application of these
power electronic loads puts forward new requirements for
the power supply capacity and power supply quality of air-
craft power supply system. Thus, in the development of new
aircraft and the improvement of active aircraft, the power
supply characteristics of aircraft grid must be strictly
tested [21], [22].

There are many researches on the theoretical calcula-
tion and simulation model of 18-pulse rectifier power sys-
tem, and certain achievements have been made [23]-[25].
P. S. Oliveira et al. presented a Web application proposal
to simulate and design 18-pulses rectifiers, which uses
Wye and Delta differentials autotransformer connections.
B. Singh et al. studied and simulated the AC-DC converter
model based on the 18-pulse autotransformer, and improved
its harmonic index. Y. Zhang et al. applied the 18-pulse
rectifier power system to the radar power system of a large
airborne transport aircraft, making the harmonics below
7% and meeting the requirements of its environmental test.
However, the practical engineering application of 18-pulse
power supply is still a very important topic. Whether it can
meet the requirements of aircraft power supply characteristic
is also a key indicator. Under various working conditions,
whether the requirements of the parameters of electrical
energy parameters such as voltage, frequency, waveform,
phase and so on are always within the prescribed range?
Can this power supply withstand the limit requirements of
transient and conversion of aircraft states? Under extreme
conditions, does the power supply have no effect on other
electrical equipment? These urgent engineering problems are
of practical value to the engineering application of the multi-
pulses, and can also be used for reference in the distribution
systems of other systems.

In this paper, the aircraft power supply characteristics of
the rectified power supply with 18-pulse autotransformer
rectifier are investigated and discussed thoroughly. The per-
formance of the power supply in normal, abnormal and fault
state is verified and tested in detail. The results show that,
the system meets the test conditions of MIL-HDBK-704.
On top of that, the system has been applied to the radar power
supply system of a large transporter, and the conformance
verification test of the aircraft power supply characteristics
has been completed, which provides the practical application
basis for the engineering realization of the 18-pulse rectifier
power system in the radar power supply system. It also pro-
vides reference for the development of power supply system
for other aircraft.
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FIGURE 1. Circuit diagram of the 18-pulse rectifier power system.
It adopts a modular design and consists of six parts.

Il. EXPERIMENT CONDITION OF 18-PULSE

RECTIFIER POWER SYSTEM

The 18-pulse rectifier power system adopts a modular design,
as shown in Figure 1, it consists of six parts: the input filter
circuit, the soft-start circuit, the 18-pulse rectifier circuit,
the output filter circuit, the auxiliary power supply, and the
fault detection circuit [25].
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FIGURE 2. Experimental test block diagram of the 18-pulse rectifier
power system for aircraft power supply characteristics.

Figure 2 shows the experimental test block diagram of
the 18-pulse rectifier power system for aircraft power supply
characteristics. The adjustable AC three-phase power supply
is used to provide AC power. The voltmeter and ammeter
are used to monitor the voltage and current, respectively.
The power analyzer is used to measure the input voltage and
current wave, power, power factor (PF), and other parameters.
The oscilloscope is used to monitor the voltage and current
wave. The experimental testing field, as shown in Figure 3,
presented in this paper, consists of the power supply under
test, the adjustable AC three-phase power supply, the power
analyzer, the oscilloscope and the linear load. The voltmeter
and ammeter are not shown.

Table 1 lists the experimental test items for aircraft
power supply characteristics according to the handbook
MIL-HDBK-704-3 [26]. It includes the load measurement,
the steady-state limits for voltage and frequency, the voltage
phase difference, the voltage transients, the frequency tran-
sients and the power failure.
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FIGURE 3. Photograph of the experimental testing filed. The linear load
used here is a resistive load. The voltmeter and ammeter are not shown.

TABLE 1. Experimental test items for aircraft power supply
characteristics.

Test Items Description

1 Load Measurement
Steady State Limits

Voltage Phase Difference

2
3
4 Voltage Transients
5 Frequency Transients
6

Power Failure

Ill. SIMULATION AND EXPERIMENTAL RESULTS FOR
AIRCRAFT POWER SUPPLY CHARACTERISTICS

The 18-pulse rectifier power system under test has been
simulated in a MATLAB environment along with the Sim-
ulation toolbox according to Figure 1. The characteristics of
aircraft power supply for the 18-pulse rectifier power system
are simulated and experimented from six aspects according
to Table 1.

A. LOAD MEASUREMENT

The load measurement is designed to verify whether the
three-phase input power is balanced and is the power factor
within the prescribed range in the case of the rated input
voltage, the rated input frequency, and the rated output power.
According to the requirement of MIL-STD-704A, when the
output power of the system is 11 kW, the maximum unbal-
anced power is 650 VA, and the minimum power factor limit
is 0.95.

The simulation results of the load measurement under the
condition of the rated input phase voltage of AC 115 V,
the rated input frequency of 400 Hz and the rated output
power of 11 kW can be seen Figure 4. Figure 4(a) and (b)
give the input phase voltage and current waveform, respec-
tively. It is shown that the input voltage and the current are
almost in phase, and the waveform is almost sinusoidal. The
voltage and current of Phase A, Phase B, and Phase C are
different in sequence by 120 degrees. Figure 4(c) shows the
output voltage and current waveform. It can be seen that the
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FIGURE 4. The simulation results of the load measurement at the rated
input phase voltage of AC 115 V, input frequency of 400 Hz and output
power of 11 kW. (a) Input phase voltage waveform. (b) Input phase
current waveform. (c) Output voltage and current waveform.

output voltage and current are constant. The output voltage is
about 275.50 V and the output current is 41.74 A, which is
consistent with the rated output power of 11 kW.

TABLE 2. Summary of simulation and experimental results for balanced
load and power factor.

Simulation Results Experimental Results

Items
A B C A B C
U (Vims) 115.5 115.5 115.5 113.1 112.8 113.5
I (Amms) 34.20 33.93 34.04 33.97 34.33 34.56
P (W) 3895 3868 3873 3819 3849 3895
S (VA) 3950 3919 3932 3842 3872 3923
PF 0.986 0.987 0.985 0.994 0.994 0.993
Maximum
Unbalance 31 81
(VA)

Table 2 presents the summary of simulation and experi-
mental results for the balanced load and power factor. The
maximum unbalance power of simulation and experiment is
31 and 81 VA, respectively. The power factor of simulation
and experiment is 0.986 and 0.994, respectively. Because
the simulation components are more ideal than the actual
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ones, the simulation results are slightly smaller than the
actual test results, but they all meet the maximum unbalanced
650 VA and the limit of 0.95 power factor required by the
MIL-STD-704A standard.

B. STEADY STATE LIMITS FOR VOLTAGE AND FREQUENCY
The steady state limits for voltage and frequency is used
to verify that the system operates and maintains specified
performance when the input voltage and input frequency
vary within a specified limit. According to the requirement
of MIL-STD-704A, the steady state input voltage range is
108 V ~ 118 V, and the steady state input frequency range
is 380 Hz ~ 420 Hz. During the test, the system can continu-
ously work for no less than thirty minutes.

310 T .
Vin rms=108V Solid: Simulation
,; 300¢ —— —O— Vin_rms=115V Open: Experiment
:: 290t —A— —A— Vin_rms=118V
o0
= 280f 4 4 A
(=] ® @ ®
[ ® ®

> 270t -
=
£ 260}
=
© 250F

240 . + n

380 400 420
Input Frequency (Hz)

FIGURE 5. The simulation and experimental results of the output voltage
within the limits of steady-state input voltage and input frequency.

Figure 5 shows the simulation and experimental results
of the output voltage within the limits of steady state input
voltage and input frequency. It can be seen that the simulation
results are consistent with the experimental results. The sys-
tem can still work stably within the specified performance by
varying the input voltage and frequency. When the input fre-
quency is constant, the higher the input voltage, the higher the
output voltage through the rectifier. When the input voltage is
constant, the output voltage does not change obviously with
the input frequency. The output voltage of the experimental
results is a little lower than that of the simulation because of
the imperfect voltage drop of the components in the actual
circuit.

C. VOLTAGE PHASE DIFFERENCE
The voltage phase difference is designed to verify whether
the system will work properly when the phase angle of the
input voltage changes within the limits. According to the
requirements of MIL-STD-704A, the phase angle of input
voltage ranges from 116° to 124°. When the phase angle of
the input voltage changes, the system can continuously work
for no less than thirty minutes.

The simulation and experimental results of the voltage
phase difference at the rated input phase voltage of AC 115V,

22030

120
90
60
30

03
30
60
90

120

(c) (G

FIGURE 6. The simulation and experimental results of input voltage
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FIGURE 7. The simulation and experimental results of output voltage and
current for the input voltage phase difference when the phase B angle of
input voltage ranges from 116° to 124°.

input frequency of 400 Hz and output power of 11 kW
are shown in Figure 6. Figure 6(a) and (b) show the sim-
ulation results of input voltage and current when phase B
is 116° and 124°, respectively. Figure 6(c) and (d) show
the experimental results of input voltage and current when
phase B is 116° and 124°, respectively. The simulation and
experimental results of output voltage and current for voltage
phase difference are shown in Figure 7. It can be seen that
the simulation results are consistent with the experimental
results. When the phase shifts, the input current lags several
degrees of the input voltage, which is related to the load in
the system. And the output voltage and the output current are
almost unchanged. That is to say, when the phase angle of
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the input voltage changes within the limits, the output of the
system is almost invariable, and it can run normally for no
less than thirty minutes, which can meet the requirement of
MIL-STD-704A.

D. VOLTAGE TRANSIENTS

The voltage transient is to verify whether the system can
meet the requirements when the input voltage of the system
changes normally or abnormally. According to the require-
ments of MIL-STD-704A, the voltage transients include nor-
mal voltage transients and abnormal voltage transients. The
transients include the over-voltage and the under-voltage. The
test conditions for voltage transients are shown in Table 3.
The items 1-2 are for over-voltage transients and the items 3-4
are for under-voltage transients. The items 1 and 3 are for
normal voltage transients, the items 2 and 4 are for abnormal
voltage transients. When the input voltage of the system is
transient, the system can not only damage itself, but also can
not affect other equipment.

TABLE 3. Test conditions for voltage transients.

Items T, Vr Tp T,
1 <1.25 msec 160 Vrms 50 msec <1.25 msec
2 <1.25 msec 180 Vrms 100 msec <1.25 msec
3 <1.25 msec 58 Vrms 50 msec <1.25 msec
4 <1.25 msec 45 Vrms 100 msec <1.25 msec

Note: T, is the time from the steady state voltage to the voltage transient
level; Vi is the voltage transient level; Tp is the duration time at the
voltage transient level; T, is the time from the voltage transient level to the
steady state voltage.

In order to ensure the normal operation of the system dur-
ing the voltage transient, the system should consider broad-
ening the input voltage range of the DC/DC converter circuit
at the back of the rectifier circuit, that is, the fluctuation of the
output of the rectifier power supply is still within the range of
the input voltage required by the later stage, so that the output
of the whole system can be kept stable.

Figure 8 and 9 show the simulation and experiment results
for normal and abnormal voltage transients at the rated input
phase voltage of AC 115 V and output power of 11 kW,
respectively. The duration time at normal and abnormal volt-
age transient level is 50 and 100 msec, respectively. It can be
seen that there is also a transient in the output voltage during
the input voltage transient, but when the transient voltage
returns to normal, the output voltage can also recover the
normal output.

E. FREQUENCY TRANSIENTS

The frequency transient is to verify whether the system
can meet the requirements when the input frequency of the
system changes normally or abnormally. According to the
requirements of MIL-STD-704A, the frequency transients
include normal frequency transients and abnormal frequency
transients. The transients include the over-frequency and the
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FIGURE 8. The simulation and experiment results for normal voltage
transients. (a) The input voltage waveform diagram for voltage transient.
(b) The output voltage waveform.

TABLE 4. Test conditions for frequency transients.

Items T, Fr Tn T,
1 200 msec 450 Hz 1/2 cycle 200 msec
2 333 msec 480 Hz 1/2 cycle 60 msec
3 200 msec 350 Hz 1/2 cycle 200 msec
4 333 msec 320 Hz 1/2 cycle 60 msec

Note: T, is the time from the steady state frequency to the frequency
transient level; Fr is the frequency transient level; Tp is the duration time at
the frequency transient level; T is the time from the frequency transient level
to the steady state frequency.

under-frequency. The test conditions for frequency transients
are shown in Table 4. The items 1-2 are for over-frequency
transients and the items 3-4 are for under-frequency tran-
sients. When the input frequency of the system is transient,
the system can not only damage itself, but also can not affect
other equipment.

In order to make the system meet the requirements of oper-
ation in the case of frequency transient, the design allowance
of the 18-pulse transformer at low frequency should be fully
considered in the design to avoid saturation of the trans-
former at low frequency. Figure 10 shows the simulation
and experiment results of the input and output voltage for
the frequency transient under item 1, and the results of the
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FIGURE 9. The simulation and experiment results for abnormal voltage
transients. (a) The input voltage waveform diagram for voltage transient.
(b) The output voltage waveform.

tests under other items are consistent. As can be seen from
Figure 10(b), when the frequency changes, the output voltage
hardly changes. This is because 18-pulse transformer has
been fully considered in the design of the design allowance,
the output voltage will not change, but when the frequency
changes, the transformer noise will be affected. The higher
the frequency, the greater the noise. However, the noise is
within the scope of the system control, which can meet the
use requirements.

F. POWER FAILURE
The power failure test is used to verify whether the system can
meet the operational requirements when the input one phase,
two phase or three phase failure. According to the require-
ments of MIL-STD-704A, the power failure includes one
phase power failure, two phase power failure and three phase
failure. When the power supply fails, the system not only
can’t damage itself, but also can’t affect other equipment.
The simulation and experiment results are shown
in Figure 11. Figure 11(a) shows the input voltage waveform
when the power fails. The normal working state is at the
rated input phase voltage of AC 115 V, input frequency
of 400 Hz and output power of 11 kW. The power failure
time is set to 4 s. From the output voltage waveform shown
in Figure 11(b), it can be seen that the output voltage drops to
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(b) The output voltage waveform.
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FIGURE 11. The simulation and experiment results of power failure.
(a) The input voltage waveform for power failure (only one phase is
shown). The failure time is set to 4 s. (b) The output voltage waveform
for power failure.

about 193 V when a phase failure occurs. When two-phase or
three-phase failure occurs, the output voltage drops to 0 V.
This is because the 18-pulse autotransformer still has
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a coupled input voltage when one of the phases is not
input. However, when two or three phases are not input,
the coupling loop is absent. When the power failure time is
shortened or extended, the simulation results are consistent.

In order to make the system meet the requirements of
power failure, the output under-voltage protection circuit is
generally designed in the system. The output under-voltage
point is set according to the system requirements. When the
output reaches the under-voltage point, the output enters into
the protection state until the above fault disappears, and when
the boot control instruction is re-sent, the system returns to
normal output. When the input one or two phase failure,
the input power recovery, the output can automatically return
to normal. However, when the three phases fail at the same
time, the rectifier power supply cannot automatically return
to normal because it does not have an initial starting power
supply, so the power supply needs to be re-turned on before
the normal output can be achieved.

IV. CONCLUSION

It is crucial to ensure the overall performance of the aircraft
whether the power supply system of the aircraft has the power
supply characteristics satisfying all the requirements under
various working conditions. In this paper, the aircraft power
supply characteristics are simulated and verified for rectifier
power supply with the 18-pulse autotransformer. According
to the handbook MIL-HDBK-704-3, the research and discus-
sion are carried out from six aspects of the load measurement,
the steady state limits, the voltage phase difference, the volt-
age transient, the frequency transient and the power failure.
The performance of the power supply under normal, abnor-
mal and fault conditions is simulated and tested in detail. The
system meets the criteria of MIL-STD-704A aircraft power
supply characteristics. The conformance verification test of
power supply characteristics has been completed on a large
transport aircraft. The research results of this paper proves
to promote the engineering application of 18-pulse rectifier
technology in radar power system and provide reference for
the development of other aircraft power supply systems. But
at the same time, the reliability and electromagnetic compat-
ibility of the whole machine are also very important, which
is the next step of our work.
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