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ABSTRACT At present, three-phase 115V/360-800Hz variable frequency AC power system is mostly
used in the main power system of More-Electric Aircraft. With the increase of EMA (Electro-Mechanical
Actuator), EHA (Electro-Hydrostatic Actuator), DC/DC power supply and power electronic devices in
More-Electric Aircraft, harmonic and reactive power problems are brought, which seriously affect the power
supply quality of variable frequency power supply for aircraft. According to the characteristics of high
frequency and wide range of aviation variable frequency power supply, this paper studies a three-level
active filter which can effectively improve the power quality of aviation variable frequency power supply
system. This paper analyzes the working principle of the diode clamped three-level topology active filter, and
deduces its mathematical model; proposes the frequency detection of the aviation variable frequency power
supply based on the improved Rife method; the ip-ig method based on the instantaneous reactive power
theory, accurately detects the harmonic current of the aviation variable frequency power supply system;
uses the quasi PR controller to track the current, and improves the harmonic suppression effect. Finally, the
experimental hardware platform is built to verify the feasibility of the proposed control strategy.

INDEX TERMS Aviation variable frequency power supply, active power filter, frequency detection,

harmonic current detection, quasi PR control.

I. INTRODUCTION

With the rapid development of aviation technology, the
frequency of airborne electronic equipment is higher and
higher, which makes the problem of harmonic, reactive power
and voltage imbalance more and more serious, so it affects the
power supply quality of aircraft power supply system. Avia-
tion power supply system, which means the generation, trans-
formation, transmission and distribution of electric energy on
the aircraft, is divided into two parts: power supply system
and power transmission and distribution system [1]. There are
three kinds of modern air-craft power system: DC power, AC
power and hybrid power. Among them, DC power supply has
high and low voltage, namely 270V, 28.5V. AC power supply
includes constant speed constant frequency, variable speed
constant frequency and variable speed variable frequency
system. At present, most aircraft require uninterrupted power
supply, so the new generation hybrid power supply is more
suitable for More-Electric Aircraft.
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For the aviation variable frequency power supply system,
it is required to work reliably with low cost [1], at the same
time, it can provide better power quality and low weight.
Among them, the harmonic problem is an important reason
that affects the quality of power supply. The power quality
of Aircraft AC power supply has voltage, frequency, current
and other indicators. In the national military standard GJB
181B-2012, the current distortion is specified as follows:
all electrical equipment shall not introduce excessive current
distortion that can affect other equipment. Unless otherwise
specified, the current distortion coefficient of AC electrical
equipment shall not be greater than 10%. However, in prac-
tical application, harmonics are often introduced into every
link, which affects the power quality and normal operation of
the equipment. In the power generation process, the generator
and frequency converter will introduce harmonics; in the
power distribution system, the corresponding rectifiers will
also introduce a large number of harmonics, resulting in the
degradation of power quality; in the load, that is, in the air-
borne equipment, lighting and heating equipment, arc furnace
and other gas light sources are all harmonic sources.
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There are two methods to solve harmonic problems, active
method and passive method. Active control can be under-
stood as reducing the generation of harmonics for those
devices that generate harmonics, such as the transformation
of non-linear devices, so that non-linear devices no longer
generate harmonics. Active control can adopt multi pulse rec-
tification technology or multi-level technology. Multi pulse
rectifier technology [4], that is, through the rectifier tech-
nology to make the harmonic current caused or emitted by
the device smaller; multi-level converter technology, that is,
using multi-level technology [5], to make the square wave
current superimposed, so that it is closer to the sine wave,
and the same as the voltage phase. The design is complex
and the cost is high. Passive control method is to suppress
the generated harmonics by means of passive filter and active
filter. Passive filter [6] can only filter out the harmonics of
specific frequency, and its volume and weight are large. The
filtering effect is easily affected by the component parameter
drift and the impedance change of aviation power supply.
Active power filter (APF) is a kind of equipment which
can dynamically compensate harmonics and improve power
quality. APF has adaptive function. When the harmonic or
reactive power changes in the power system, APF can detect
the change in time and track the harmonic or reactive current
with opposite output direction and equal size. It can be seen
that APF is a good measure to solve the problem of harmonic
pollution in aircraft power system and improve the power
quality of aircraft equipment.

In order to solve the problem of harmonics, a three-
level active filter which can dynamically compensate har-
monics and has adaptive function is selected. In this paper,
an improved rife algorithm is proposed to detect the fre-
quency of variable frequency power supply in aviation, so that
the detection accuracy will not be affected when noise occurs.
In order to improve the detection accuracy of harmonic
current, detection method without detecting the voltage of
aviation power supply is selected to detect harmonic cur-rent.
In order to meet the requirements of the harmonic compensa-
tion effect of the aviation variable frequency power supply
system, this paper proposes a quasi-proportional resonant
controller based on the selected pre-corrected Tustin trans-
formation method. Compared with the proportional resonant
controller, it can reduce the system sensitivity, increase the
bandwidth, adapt to the small range of frequency fluctuations
at the resonant frequency, and be conducive to the stable
operation of the system and the realization of digital control.

Il. MATHEMATICAL MODEL OF THREE-PHASE FOUR
WIRE NPC THREE-LEVEL ACTIVE FILTER

It can be divided into two-level, three-level and multi-level
categories according to the number of main circuit topolog-
ical levels adopted by active filter. Compared with two-level
APF, three-level APF has lower voltage stress under the same
conditions, which is suitable for high-power ap-plications,
and is conducive to reducing switching frequency and har-
monics. The three-level topology for the three-phase four
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wire system can be divided into two types: three-level arm
and four-bridge arm. The three-level topology is not as good
as the four-bridge arm in the ability of zero sequence current
compensation. However, compared with the four-bridge arm,
the three-bridge arm topology has fewer switches, simpler
control and lower cost. Therefore, the three-level three bridge
arm topology is selected in this paper.

The diode clamped three-level topology (three bridge arm)
is shown in the figure below.

The premise that APF can compensate har-monic current
accurately and effectively is to establish the correct mathe-
matical model. In or-der to facilitate the analysis, it is usually
necessary to transform the model of APF from three-phase
static coordinate system to synchronous rotating coordinate
system. At the same time, because of the three-phase four
wire system, we need to consider the influence of zero
sequence component on the system, so we can choose the
rotation coordinate system to control the zero-sequence com-
ponent.

The relationship between the three-phase static coordinate
system and the rotating coordinate system is as follows:

qu() = Tabc—qu(e )Xabc
Xabe = abc—dq0 ON ! quO

ey

In this paper, the output current ic; and output terminal
voltage uj, of aviation power supply, switch functions S,
Sja and APF are converted to dg0 coordinate system by con-
stant power conversion, and the three-phase four wire APF
mathematical model is converted to dg0 coordinate system
as follows:

dicg , :

L- d(; =—R-icg + @Licqg — (Sdultdeu — SddUded) + Usd
dicq . .

L- dr =—-R-: leg — wLicg — (Squ”dcu - Sqd”dcd) + ugq
dico .

L- dr = —R - ic0 — (Squttdeu — SqdUdea) + Uso
dutgey . . . .

Cq dr = gy = Sduled + Squlcq + Souico
duged . . . :

Cy d; = —lgq = —Sadicd — Sqaicqg — S0dico

@)

It can be seen from the formula that there is coupling
between d axis current and g axis current in dg0 coordinate
system, and zero axis current is not coupled with d and ¢ axis
current. By comparing the mathematical models of APF in
and dqO0 coordinates, it is found that the latter is similar except
for the current coupling in d and g axes.

Ill. RESEARCH ON THE DETECTION ALGORITHM OF
FREQUENCY AND HARMONIC CURRENT IN AVIATION
FREQUENCY CONVERSION POWER SUPPLY SYSTEM

A. FREQUENCY DETECTION METHOD OF AVIATION
VARIABLE FREQUENCY POWER SUPPLY SYSTEM

The application of APF device in this paper is air fre-
quency conversion AC power system, its frequency range
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is 360Hz-800Hz. When the active filter is used to control the
harmonics, the frequency of the aviation variable frequency
power supply must be determined first, then the coordinate
transformation and the calculation and control of the har-
monic current can be carried out. Therefore, the frequency
detection of the aviation variable frequency power supply is
particularly important.

Two-line amplitude method (Rife method) [16] is
improved on the basis of DFT maximum spectrum direct
frequency measurement method, which improves the fre-
quency detection accuracy and execution rate, but when the
frequency of the measured signal is close to the maximum
spectrum frequency, it is easy to produce large errors. In this
paper, an improved rife algorithm is proposed, which makes
the detection accuracy unaffected when noise appears.

(k+1/3,k+42/3) region is defined as the middle position
of k and k + 1. When rife algorithm is used to detect the
frequency, whether the frequency is in the middle position
of the two spectral lines is determined. If it is, the detection
result will be the result of Rife algorithm; if not, it will be
modified. The modified method is to shift the frequency of the
measured signal, so that the measured signal is always in the
middle position, then the accuracy of the frequency detection
results will be improved.

Suppose the Rife algorithm detection result is f,, because
|Xio| > |Xko+a| thereis |y — ko/Nfs| < 1/2Af. I 1/3Af <
Ifr — ko/Nfs| < 1/2Af is met, f; is the test result. If not, set
the frequency shift of the measured signal as dx, as follows:

1 Xko+
akzi_—| vl A3)
|Xk0| + |Xk0+a|
The new spectrum after frequency shift is:
N—-1
X()=) Xk—ad), k=01, N-1 (4
n=0

The frequency formula of the improved Rife method after
frequency shift is obtained as follows:

o - | Xiy—asi+al
|Xkofa8k+0l| + |Xk0,a3k|

o=t o —ati+ )
N

In the above formula ¢ = =£1, when [Xiy41| > [Xko—11,
a = 1. When |Xg,4+1] < [Xk—11, « = —1. Because when the
improved rife method is used to detect the signal frequency,
the frequency of the measured signal will always be shifted
to the middle of the spectral line, and then the rife method is
used to detect the signal frequency, so the detection accuracy
is high.

Therefore, the algorithm block diagram of frequency
detection using the improved Rife method is as follows:

Table 1 shows the simulation results of power frequency
detection with improved Rife algorithm when the power fre-
quency is 400, 600 and 800Hz respectively, and the detection
error is kept within 0.5Hz. The power phase voltage is 115V,
the frequency range is 360-800Hz, the sampling frequency is
20kHz, and the FFT points are 200.
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TABLE 1. Simulation results of power frequency detection by improved
Rife method.

Given frequency 400Hz 600Hz 800Hz

Improved Rife method 399.9Hz 599.83Hz 799.92Hz

L3

Nonlinear load

>
)l

l /. by Rife algorithm

dist =

&
/, _Nf‘

Maximum value

A Af

frequenc
Y aise < 2L dueney
3 2

shift 6,

FIGURE 2. Algorithm block diagram of improved Rife method for
frequency detection.

Take a frequency from 400Hz to 420Hz for detailed detec-
tion, and the results are as follows:

It can be seen from the above data that the detection error
of the improved rife algorithm at each frequency point is less
than +0.5Hz.

In case of step mutation from 400Hz to 420Hz, the test
results are shown in Figure 3. The initial frequency of the
power supply is 400Hz, which suddenly changes to 420Hz
at 0.12s, and the delay of detection frequency is about 4ms.
At the same time, there is no oscillation in the process of
frequency mutation, and the steady-state error is maintained
within 0.5Hz.
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FIGURE 3. Test results and errors in frequency range from 400Hz to
420Hz.
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FIGURE 4. Simulation test results of 400Hz sudden change to 420Hz.

From the above data, it can be seen that the frequency
detection error of the improved rife method does not exceed
40.5Hz, and according to the national military standard
GJB_181B-2012, the steady-state frequency range of 400Hz
is 393-407Hz (£7Hz), so the accuracy of 0.5Hz can be used
for the frequency detection under the aviation frequency con-
version system.

B. DETECTION METHOD OF HARMONIC CURRENT IN AIR
FRE QUENCY CONVERSION POWER SUPPLY SYSTEM

Due to the influence of nonlinear load and power frequency
variation, harmonic current detection is the key point of APF
to effectively compensate the harmonics in aviation power
system.

The method based on instantaneous reactive power has
good real-time performance and high detection accuracy [13].
It is widely used in active power filter, and can detect reactive
power and harmonic current in real time. The traditional
power calculation is defined by the average value, which is
mainly suitable for the sine of voltage and current waveform.
The instantaneous reactive power law defines the power from
the instantaneous value, which can be used in non-sinusoidal
or transitional situations.

The expressions of instantaneous active power and reactive
power are as follows:

D = eqiq + epip + ecic
l [( )ia + ( )ib + ( )ic] ©
= —|(€ép — e )l ec — €eg)lp €q — €p)l,
q \/g cta c a a c
The principle block diagram of i, — i, detection method is
shown in Figure 5. This method does not need to detect the
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FIGURE 5. Principle block diagram of detection method ip — ig.

voltage of aviation power supply, so it is not affected by the
voltage distortion of aviation power supply. Firstly, the detec-
tion current is transformed from abc coordinate system to o8
coordinate system by coordinate transformation, and then the
voltage of aviation power supply is locked. The phase-locked
output is the voltage phase of the aviation power supply. The
instantaneous active current i, and the instantaneous reactive
current i, are calculated by the obtained phase and the sine
cosine transformation matrix C. The matrix formula of sine
cosine transformation is as follows:

sin wt
—cos wt

N

C:C_1=|: —cosa)t]

— sin wt

The calculated expressions of and are as follows:

. . i
|:lpi|=C|:l.ai|=CC32 iy (8)

lg g i
c

In practical application, the voltage of aviation power sup-
ply cannot be completely symmetrical. When the three-phase
voltage of aviation power supply is asymmetrical, the follow-
ing analysis can be made.

The symmetrical component method is used to decom-
pose the three-phase voltage into positive sequence, negative
sequence and zero sequence components. As follows:

emze;;+e;,+e(,)n )

In the above formula, m = a, b, ¢, where e:; is the positive
sequence component of voltage, e,, is the negative sequence
component of voltage, and e% is the zero sequence component
of voltage. By transforming the above formula, the expres-
sion of voltage positive sequence component is obtained as
follows:

- 1 1
=2 =

e 1 1 1

e+ = — — 1 —_—

b 3 2 2

e+

c 1 L

L 2

eb (10)

€c

V3
2
0

I
>

oo iy
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It can be seen from the above formula that there is a phase
difference between the positive sequence components e;r and
ej(j = a, b, ¢) of each phase voltage. The output phase of PLL
used in i, —i4 detection method is wt, which is the phase of e,.
However, in the detection process, the desired correct phase
should be in phase with ej, so there is an error between the
wt obtained by phase-locked and the theoretical value. If the
error is §, the actual phase should be (wt + §).

Suppose that the three-phase current expression is as
follows:

im=i0 + i+ (11)
In the above formula, m = a, b, ¢, where i;’(j =a,b,c)is
the positive sequence component of each phase current, i;°
is the negative sequence component of each phase current, ijQ
is the zero sequence component of each phase current, and
=) =i = (ig +ip + i) /3.
It can be divided into the form of each harmonic and
substituted into the above formula to get:

0 {I,fr cos[(n — Dt + ¢, — 8]

p | _ = | 1, cosl(n + Dot + ¢, + 8]

[i[;} =3 ioz —L sin[(n — Dot + ¢ — 8]
= | 1y sin[(n+ Dot + @, + 6]

(12)

It can be seen from the formula that after coordinate
transformation, the positive sequence components of each
frequency current in the three-phase static coordinate system
become (n— 1)w, and the negative sequence current be-comes
(n + 1)w. That is to say, the DC component is completely
composed of fundamental positive sequence current.

The calculated i, and i; are filtered to obtain DC
component:

zl’ . \/§II+ cos((pf' —6) (13)
iq |~ L =+/31 sin(e] —8)
Invert the DC component to obtain the fundamental posi-
tive sequence current in coordinate system:

V2IT sin(wt + ¢7)

-+

Laf : : 27

,-;rf = CpC! |:fp «/511'" sin(wt — 3 + <p]+)
+ lq 2

Lef «/EIfL sin(wt + Tn + <pf')

(14)

It can be seen from the above formula that in the case
of voltage asymmetry of aviation power supply, the correct
positive sequence component of fundamental wave detected
is independent of the phase error § caused by voltage
asymmetry. Therefore, in the case of voltage distortion and
three-phase asymmetry, the i, — i, detection method can
correctly detect the harmonic current.

The nonlinear load module is adopted, three-phase uncon-
trolled rectifier bridge is used, and the resistance is connected
at the back of the bridge. At the same time, the three-phase
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(c)Detection results of harmonic
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FIGURE 6. Waveform of load current and harmonic current detection
results when power frequency is 400Hz.

TABLE 2. FFT analysis of load current and detected harmonic cur-rent
when power frequency is 400Hz.

Harmonic number 5 7 11 13 17 19

Load current /A 1.69 0.84 0.68 0.48 0.42 0.34

Detection result /A 1.7 0.83 0.69 0.47 0.43 0.33
Error /A 0.01 -0.01 0.01 -0.01 0.01 -0.01
6 : ]
4l : : i
2+ 1 A N / N

N o/P%V{f/ %x\W/N{\

< SNV VIRV VAN
4 , . J
-6 ‘ -

0297 0.298 0299 03 0201 0202 0.203

FIGURE 7. Detection waveform of harmonic current when power
frequency changes from 400Hz to 420Hz.

parallel resistance is connected with the central line, where
the resistance R is 40 2, R2, R3 and R4 are 120 2. When
the power frequency is equal to 400Hz, the three-phase load
current waveform is as shown in Figure 6 (a), and the THD
content is 26.03%; the three-phase harmonic current detected
by i, — i; method based on instantaneous reactive power
method is as shown in Figure 6 (c).

The following table shows the content of each frequency
harmonic current in FFT analysis of load current and detected
harmonic current:

It can be seen from the table that the absolute value of the
error between the harmonic current detected by i, —i; method
based on the instantaneous reactive power method and the
harmonic current actually contained is not more than 0.01A,
the error is small and the detection accuracy is high.

When the frequency changes abruptly, the initial frequency
is set to 400Hz, and it changes abruptly to 420Hz at 0.3s.
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The harmonic current detection waveform at this time is
shown in Figure 7. It can be seen from the figure that although
the detection result will be delayed when the frequency
changes, the detected harmonic current does not oscillate and
changes smoothly when the frequency changes. FFT analysis
of the load current and the detected harmonic current after
the frequency mutation is carried out, and the error between
the detection results of each harmonic and the actual value is
also kept within 0.01A. This shows that the detection method
based on the instantaneous reactive power theory is suitable
for the situation that the power frequency changes in the range
of 360-800Hz.

IV. RESEARCH ON CURRENT LOOP TRACKING CONTROL
STRATEGY OF APF FOR AVIATION VARIABLE

FREQUENCY POWER SUPPLY

After the accurate detection of frequency and harmonic cur-
rent, the current command signal is obtained by calcula-
tion. The performance of the current tracking control link
is directly related to the harmonic compensation effect of
the aviation variable frequency power system. Three-level
APF often uses a double closed-loop control structure that
combines a voltage outer loop and a current inner loop. The
current inner loop mainly realizes the non-static difference
tracking of the command current, and the voltage outer loop
function is to maintain the stability of the APF DC side
voltage. This article is mainly aimed at the particularity of
aviation variable frequency power system, and design and
select the quasi-PR controller based on the pre-modified
Tustin transform method.

A. CONTROL STRATEGY ANALYSIS AND COMPARISON
Resonance control is a control method based on internal
model control principle. The internal model principle points
out that if the closed-loop system can track the given signal
without static error, it needs to include the s- domain model
of the given signal in the open-loop system. Especially for
the control of single-phase inverter, the given signal is AC
signal, and in general, the control object does not contain the
s- domain model of AC signal, so it is necessary to add the
model of AC signal in the control system. The s model of AC
signal is s/(s*>+®?), which is exactly a resonance control link.
By implanting the AC signal model in the open-loop control
system, the infinite gain can be achieved at the specified
frequency point, so that the AC signal can be tracked without
static error. The resonance controller has large gain and nar-
row band at the specified frequency point. It is very sensitive
to the frequency change of AC signal and easy to cause
system oscillation. Therefore, the quasi resonant controller is
proposed to reduce the gain at the resonant point and improve
the bandwidth of the resonant point.

1) ANALYSIS OF PROPORTIONAL RESONANCE CONTROLLER
The internal model principle points out that in order to make
the system track the given signal perfectly, it is necessary
to include the signal model in the frequency domain of the
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FIGURE 8. Bode diagram of PR control.

system. In order to track the AC signal without static error,
it is necessary to include the frequency domain model of
the AC signal in the system model. The frequency-domain
model of AC signal is just a resonant link, so a propor-
tional resonant controller (PR controller) is proposed as the
controller.

The model of AC signal is put into the system controller
to increase the open-loop gain of the system at the spec-
ified frequency point, enhance the signal at the specified
frequency point, which is conducive to the regulation of
the system. The resonant link is a typical two order line-
ar- integrator, which can be analyzed by the existing linear
theory. In order to enhance the dynamic response and anti-
interference ability of the resonance link, the proportional
resonance controller is generally composed of the resonance
link and the proportional link. Its transfer function is as
follows:

2KRgs

Gpr(s) = Kp + - 3
§° + wg

(15)
where, Kp is the proportion coefficient, K is the resonance
coefficient and w is the resonance frequency. Figure 8 is
a Bode diagram of proportional resonance. Among them,
Kp = l,KR = 5, wo = 1007 .

It can be seen from the Bode diagram that the gain of PR
controller at the resonance point w 0 is almost infinite, and
the gain at other frequencies is 0, so it can track the AC
signal at the resonance frequency without static difference.
However, in the variable frequency power supply, even if
the fundamental frequency of the power supply is detected,
the detection results will have errors within the allowable
range; in the steady-state situation, the actual frequency of the
power supply will also have fluctuations within the allowable
range. However, PR controller has large gain and narrow
bandwidth at resonance point, so it has poor adaptability to
frequency change and poor anti disturbance ability, which
easily leads to system instability. At the same time, due to
the influence of digital control on the accuracy, it is not
easy to adjust to the resonance point for control. Therefore,
it needs to be improved to reduce the sensitivity and high gain
characteristics at the resonance frequency, so as to facilitate
the realization of the system. PR can be improved to quasi
proportional resonance (QPR) control.
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2) ANALYSIS OF QUASI PROPORTIONAL RESONANCE
CONTROLLER

The first-order high gain and low-pass filter is added to the
PR controller to ensure the high gain at the resonance point,
at the same time, the bandwidth of the controller is increased,
and the sensitivity of the system is reduced. This is the quasi-

proportional resonance controller, whose transfer function is
as follows (15):

2Kprw, s

Gpr(s) =Kp+ ———
R(S) i s2+2wcs+a)g

(16)
where wy is the cut-off frequency. The Bode diagram of quasi
proportional resonance controller is shown in Figure 9.
From equation (15), it can be seen that the gain of quasi
PR controller at wg is Kp + Kg. Although Kp + Kr is a
finite value different from PR controller, the gain can meet
the requirements by adjusting resonance parameters, so that
the steady-state error is 0. On the other hand, compared with
the PR controller before the improvement, the bandwidth of
the controller increases significantly after the EEE is added,
which can adapt to the small range frequency fluctuation at
the resonance frequency, and is conducive to the stable oper-
ation of the system and the realization of digital control. QPR
control retains the characteristic of PR control without static
error at the fundamental wave, enhances the anti-interference
ability and improves the overall performance of the controller.
Figure 9 is a Bode diagram of quasi proportional reso-
nance. Among them, Kp = 1, Kg = 5, wg = 1007, w, = 10.
It can be seen from Figure 9 that, compared with the pro-
portional resonance control, the gain of the quasi proportional
resonance control at the resonance point decreases, but it is
also sufficient to meet the requirements of tracking without
static difference. At the same time, the band-width increases,
allowing the frequency to fluctuate in a small range, which is
conducive to the realization of digital control. The increase
of the phase angle margin of the quasi proportional resonant
controller is beneficial to the stable operation of the system.

3) CURRENT LOOP WITH QUASI PROPORTIONAL
RESONANT CONTROLLER

The PR controller has infinite gain at the resonance fre-
quency, and the gain at the non-resonance frequency is
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FIGURE 10. Principle block diagram of current loop with quasi PR
controller.

approximately 0. It has the function of automatically screen-
ing the frequency, so it is suitable for frequency division con-
trol of harmonic current. For an APF in an aeronautical vari-
able frequency power supply system, its current loop needs
to be provided with multiple quasi-proportional resonance
controllers with different resonance frequencies, and each
resonance frequency is the same as the harmonic frequency
in the load current. Aviation power is a three-phase four-wire
system, so the harmonic is 6k + 1 frequency, where k is a
positive integer. The principle block diagram of the current
loop using a quasi-proportional resonant controller is shown
in Figure 8 below.

In Figure 10, i¥ is the calculated harmonic reference cur-
rent, i, is the actual current output by the APF, and Ai,
is the difference between the reference command current
and the APF actual output current. The input of the PR
controller for each frequency is the difference Ai. between
the command current and the actual out-put current. Because
for the harmonic current, as the frequency increases, its
amplitude will also decrease accordingly. Therefore, in prac-
tical ap-plications, only harmonics within 20 times are gen-
erally compensated. Among them, wqg is the fundamental
frequency. Considering the existence of the voltage outer
loop, it is necessary to maintain the stability of the APF DC
side voltage, so the fundamental current loop is required.
When the fundamental frequency of the aeronautical variable
frequency power supply changes, the real-time frequency
is transmitted to the quasi-PR controller in time through
the above frequency detection method, and the harmonic
cur-rent resonance frequency of wg and the following will
also change accordingly. The sum of the current loop output
of the quasi-PR controller of each frequency is added, that
iS, Ucomp is the modulation voltage, which is input to the
subsequent modulation link, and the driving signal of the
switching device in the main circuit can be obtained.

From Figure 8, the transfer function of the current con-
troller is:

2Kigweis

Kip + : (17)
k:l,;lm l 5% + 2weis + (iwp)?

Gpgr(s) =

B. IMPLEMENTATION OF QUASI-PROPORTIONAL
RESONANCE CONTROLLER

The fundamental frequency range of aviation variable fre-
quency power supply is 360-800Hz. When the fundamental
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(a) Current waveform of three-
phase power supply after
compensation.
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spectrum.

FIGURE 11. Power current waveform after compensation when power
frequency is 400Hz.

frequency of the power supply is high, the harmonic fre-
quency generated on this basis will be higher. Therefore, the
method of discretization of the resonance frequency needs to
be selected. In this paper, a pre-modified Tustin transform
method is chosen to align the PR controller for discrete
design.

The pre-modified Tustin transform is as follows:

1) z—1
s = .
tan(wTy/2) z+1
Among them, T is the sampling period.

The transfer function of the quasi-PR controller in the z
domain is as follows:

(18)

w z—1
5= . (19)
tan(wTs/2) z+1
2w.CK,

Among them: b = SOAR Kp, b =
g 0 C2-$-2a)CC+a)i2 + Kp.b
Qw?}-2CHKp b . Kp(C?—20.C+w?)—2Kgw:.C _
2w, Ca?’ 2 T C2420.C+? ’ -
20?—2C? o — C220.C+0? . .
20,0102 P T O 20.Cre?’ T T /)

The corresponding difference equation is derived as:

y(k) = box(k) + bix(k — 1) + box(k — 2)
—aiytk — 1) —ay(k —2) (20)

In formula (19), y(k) is the output signal of the quasi-
PR controller, and x(k) is the input signal of the quasi-PR
controller.

C. CURRENT LOOP SIMULATION BASED ON QUASI-PR
CONTROLLER
When the power frequency is 400Hz, after the active fil-
ter compensation, the power supply current /; waveform at
this time is as shown in Figure 11. The THD of the three
phases after compensation are 4.46%, 4.55%, and 4.52%.
It meets the requirements of the national military standard
GJB_181B-2012 aircraft power supply characteristics, that
is, the current THD is less than 10%. Among them, in the
current loop quasi-PR controller, the current inner loop pro-
portion parameter K, is selected as 200, the current inner loop
resonance parameter Kg is selected as 500, and the cutoff
frequency is selected as 5.

When the aircraft power frequency changes suddenly,
check the harmonic compensation effect at this time. Set at
0.28s, the power frequency abruptly changes from 400Hz to
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FIGURE 13. Frequency test results at different power frequencies.

410Hz. At this time, the power current harmonic compensa-
tion result is shown in Figure 12 below.

V. EXPERIMENTAL RESULTS

In order to verify the above theory, an APF experimental plat-
form was set up to verify the frequency and harmonic current
detection algorithms and PR control strategies. A three-phase
programmable AC source was used as the input three-phase
AC power. The phase voltage was set to 115V and the fre-
quency range was set. 360-800Hz. Non-linear load consists
of three-phase uncontrolled rectifier bridge and resistor.

A. EXPERIMENTAL VERIFICATION OF FREQUENCY
DETECTION ALGORITHM

First, set the power frequency to 400Hz, 600Hz, and 800Hz
respectively. The waveform of stable output from power sup-
ply to frequency detection result is shown in Figure 13 below.
It can be seen from the figure that it takes a certain time
to stabilize the output frequency calculation result, which is
about 40ms. This time mainly includes the time for initial
sampling and calculation of the signal when the power supply
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TABLE 3. Test results of power frequency detection by improved Rife
method.

Given frequency 400Hz 420Hz 600Hz 800Hz

Improved Rife

method 400.41Hz

420.26Hz  600.21Hz  799.71Hz

N, o
(1047 div) i (A4 div)

t/(2ms/div)
(a) Load current and detected harmonic current waveform.

2 THD: 25.94%

? 0.8
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. |
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Harmonic number Harmonic number
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Harmonic content
Harmonic content

(c) Detected harmonic current

(b) Load current spectrum.
spectrum.

FIGURE 14. Load current and its spectrum when the power frequency is
400Hz.

is just powered. Figure 13 (d) is the waveform of the detection
result when the power frequency changes from 400Hz to
420Hz. It can be seen from the figure that after the frequency
changes, the time required to accurately calculate the new
frequency is about 50ms.

The specific detection results of each frequency point in
Figure 11 are shown in Table 3. It can be seen that the
detection error is within +0.5Hz. The experimental results are
similar to the simulation. According to the national military
standard GJB_181B-2012, it can be known that the steady-
state frequency range of 400Hz is: 393-407Hz (£7Hz), so the
accuracy of 0.5Hz can be used for frequency detection in the
aviation frequency conversion system.

B. EXPERIMENTAL VERIFICATION OF HARMONIC
CURRENT DETECTION METHOD

When the power frequency is 400Hz, taking the phase A
as an example, the load current waveform and the detected
harmonic current waveform are shown in Figure 14 (a). FFT
analysis of the load current waveform shows that the load cur-
rent THD is 25.94%. It can be known from Figure 14 (b) (c)
that when the power sup-ply frequency is 400Hz, the error
between the harmonic current detected by the method and the
actual load current does not exceed 0.1A.

Next, set the power frequency to 600Hz and 800Hz respec-
tively. The load current waveform and the detected harmonic
current waveform are shown in the figure.

Because when the power frequency changes and the load
parameters remain unchanged, the change in frequency will
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FIGURE 17. Power supply current waveform before and after
compensation of each frequency point.

not cause the current distortion coefficient to change, and the
current THD is about 26%, so the load current spectrum at
other frequencies is not given here. FFT analysis is performed
on the harmonic current detected by the i, — i, method, and
it can be known that the error of the harmonic current content
between the harmonic current detected at each frequency
point and the actual load current does not exceed 0.1A.

C. EXPERIMENTAL VERIFICATION OF DUAL-LOOP
CONTROL STRATEGY BASED ON QUASI-PR CONTROL
When the power frequency is 400Hz, 600Hz, 800Hz, tak-
ing the A phase as an example, the power supply current
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FIGURE 18. Compensation waveform when power frequency changes
from 400Hz step to 405Hz.

TABLE 4. Harmonic currents before and after current compensation of
each frequency power supply (%).

Frequency THD 5 7 11 13
Before compensation 26 1.70 0.85 0.66 0.49
400Hz 5.95 0.56 0.42 0.46 0.40

600Hz 6.01 0.57 0.43 0.49 0.41
800Hz 6.59 0.65 0.46 0.50 0.44

waveforms before and after compensation are as shown in
Figure 17 below. In the experiment, the Sth, 7th, 11th, and
13th harmonics were selected to compensate. It can be seen
from the figure that the power supply current at each fre-
quency point has serious distortion and large harmonic con-
tent before compensation. After compensation, the harmonic
content is reduced and the sine degree of waveform is higher.
Table 4 shows the specific FFT analysis results of the power
supply current before and after compensation. The current
THD decreases significantly after harmonic compensation.
When the power frequency changes from 400Hz to 405Hz,
the compensation effect is shown in Figure 18 below. It can
be seen from the waveform diagram that when the frequency
changes suddenly, the DC side voltage fluctuates by 50V,
which causes the APF fundamental wave current loop to
fluctuate, which causes the APF output current to generate
a peak current when the frequency changes suddenly. The
oscillation maintenance time is 0.2s. The maximum current
spike is about 20A. When the DC-side voltage resumes stabil-
ity again, the APF output current also stabilizes, which can be
stably compensated, and the current THD after stabilization
is 6.09%, which meets the requirements of the index.
According to the experimental results, it can be seen that
after the APF compensation of the power supply current in
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the aviation variable frequency power system, the THD is
reduced to about 6%, and the power quality is significantly
improved, which meets the requirement of THD less than
10% in the characteristics of aircraft power.

VI. CONCLUSIONS

This article mainly performs theoretical analysis and
experimental verification on the three-level active filter
suitable for aerospace variable frequency power system
(115V/360-800Hz). The conclusions are as follow:

a. Improved Rife method based on DFT analysis for fre-
quency detection with high detection accuracy, meeting the
requirements of high frequency and wide variation range of
aviation variable frequency power system;

b. Through harmonic current detection by detection
method, the detection cur-rent result is basically consistent
with the actual current waveform;

c. Experimental verification of the dual-loop control strat-
egy based on quasi-PR resonance control has significantly
improved the grid-connected current quality, and its THD
meets the requirements of aircraft power characteristics in the
National Army Standard.
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