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Analysis and Design of Third-Harmonic Current
Injection Active Filter Circuit for the Aircraft

Qingyun Chang *“, Bo Zhou

Abstract—Third-harmonic current injection (3rd-HCI) active
filter circuit could be utilized to eliminate low-frequency harmonics
generated by the three-phase uncontrolled rectifier. However, some
problems exist when the circuit operates in the 115 Vrms/400 Hz
aircraft power system. The inductor in the 3rd-HCI active filter
circuit is not strictly volt-second balance in one switching period,
resulting in injection current error and ac line current distor-
tions. The problem is more severe in the 400 Hz power system
since the imbalance degree increases with a higher ac frequency.
Moreover, the common method to mitigate the ac line current
distortions is using a smaller inductor, which will increase the
inductor current ripple and high-frequency harmonic components.
This article investigates the distortion mechanisms and reveals the
relationship between current distortion and volt-second imbalance,
and the maximum allowed inductance is determined under every
operating point. Then, an improved circuit based on ripple current
cancelation technique is proposed to realize quasi-zero ripple in
the inductor current and to reduce the high-frequency harmonics
in the ac line currents, which extends the operating range of the
circuit significantly. Finally, the correctness of analysis and validity
of proposed circuit are verified by experimental results based on a
115 Vrms/400 Hz/5 kW prototype.

Index Terms—AC-AC power converter, ac—dc power converter,
third-harmonic current injection (3rd-HCI), variable speed
constant frequency (VSCF).

I. INTRODUCTION

HREE-PHASE uncontrolled rectifiers with diodes are usu-
T ally deployed as the front-end circuit of many ac—dc or
ac—ac power converters because of their high efficiency, low
costs, and simple structure. However, due to the large harmonics
and low power factor, the ac line current is not able to meet the
standard [1]. To solve the problems, the third-harmonic current
injection (3rd-HCI) active filter circuit [1], is proposed to get
sinusoidal ac line currents [2], [3], [4]. As illustrated in Fig. 1, an
active current injection bridge and an inductor are employed to
create third-harmonic current, then the third-harmonic current
is fed into the ac line that has the smallest absolute value of
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Fig. 1. 3rd-HCI active filter rectifier topology, combining an uncontrolled
rectifier and a 3rd-HCI active filter circuit.

three-phase input voltages by using one of the three bidirec-
tional switches. For clarity, the combination of the uncontrolled
rectifier and 3rd-HCI active filter circuit is named as 3rd-HCI
active filter rectifier in this article [1].

The output voltage of 3rd-HCI active filter rectifier is de-
termined directly by the uncontrolled rectifier and is a six-pulse
shape. Therefore, the back-end converter should be added to reg-
ulate output voltage and to obtain constant power consumption.
In [5], a simple buck converter is added to form the three-phase
ac—dc converter, and the high efficiency is verified by experiment
results. A three-phase ac—ac power converter is constructed by
cascading a voltage source inverter with the 3rd-HCI active filter
rectifier [6]. Due to the similar characteristics compared to the
matrix converter, such as no electrolytic capacitor, it is named
as 3rd-HCI two-stage matrix converter. Furthermore, except
for the sinusoidal ac line current regulation ability, the input
reactive power control ability is also verified in [6]. The input
displacement angle can vary within +7/2 in theory.

Compared with the general two-level boost-type rectifier and
the three-level Vienna rectifier, the main advantages of the
rectifier in Fig. 1 are the low current stress in the 3rd-HCI
active filter circuit and the low switching frequency of diodes and
bidirectional switches, which contributes to less switching loss
and higher efficiency. Besides, the common PiN diodes rather
than the Schottky diodes can also be used in the rectifier since the
diode reverse recovery is removed. Compared with the Schottky
diodes, the PiN diodes have lower costs and could effectively
reduce the drift region resistance via conductivity modulation.
This makes the rectifier promising in high-voltage applications
[7]. In addition, the heat sink volume can be reduced and the
dc-link energy storage capacitor is removed from the 3rd-HCI
active filter rectifier. Only the small capacitors are employed
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to filter the high-frequency harmonic components, which could
reduce the system size and realize high power density.

Considering the features in the above, 3rd-HCI active filter
rectifier is suitable for aircraft application, which requires high
power density and high efficiency. However, the ac line fre-
quency in the variable speed constant frequency (VSCF) aircraft
power system is 400 Hz instead of 50 Hz, which brings new
problems to the circuit. For the analysis of the circuit in [5] and
[6], it is assumed that the inductor in the 3rd-HCI active filter
circuit is volt-second balance in one switching period, which
is accurate enough for the case where the ac line frequency is
50 Hz. However, as will be indicated in Section III, the integral of
the applied inductor voltage over the whole switching period is
nonzero and increases linearly with the higher ac line frequency
and load power. The volt-second imbalance would lead to the
ac line current distortion and must be considered in the circuit
design process, especially for the 400 Hz power system. The
common method of suppressing the volt-second imbalance is to
reduce the inductance, which causes the disadvantage of higher
current ripples. That is, there is a tradeoff between ac line current
distortion and higher ripple of inductor current. In some cases,
the inductor cannot be designed to meet the requirements of
both current ripple and volt-second imbalance degree at the same
time, and the only method is to increase the switching frequency
or input filter capacitance, which would increase the power loss
and reactive currents accordingly.

In order to solve these problems, this article proposes an
improved 3rd-HCI active filter circuit based on ripple current
cancelation (RCC) technique [8]. According to the principle of
RCC, an auxiliary circuit with small volume is added to create
ripple current, which has an inverse phase of that in the main
circuit, and then the two current ripples are canceled, achieving
zero current ripple in the input [9], [10] or output [11], [12].
Although much of the interest of RCC is gathered in dc—dc
converters, recently, it is also introduced into the ac power
converters for special functions. In [13], the RCC circuitis added
to the quasi-Z source inverter to achieve zero output current. A
ripple cancelation converter is introduced in the single-phase
LED drive to realize flicker-free LED driving with high power
factor, high efficiency, and low component cost [14]. In [15], a
soft-switched inverter with ultralow output current ripple is ob-
tained due to the current ripple cancelation property. Generally,
only the input or the output ripple current is concerned in the
design procedure of auxiliary circuit. However, only reducing
the ripple of inductor current is not enough for the active current
injection bridge, reducing the current ripples in the switches
(Syp and Sy, ) is also important otherwise they will increase the
high-frequency harmonic components of ac line currents.

The main contributions of this article are twofold.

1) The relationship between the volt-second imbalance and
the ac line current distortion is investigated, and the maxi-
mum allowed inductance value is given for every operating
point.

2) An improved 3rd-HCI active filter circuit based on RCC
technique is proposed, whose design only needs to con-
sider the volt-second imbalance constraint, thus extending
the operation region significantly.
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(b)

Fig. 2. (a) Equivalent circuit in sector 1 and control strategy. (b) Typical
waveforms in the 3rd-HCI active filter rectifier.

In this article, a more thorough analysis including the pa-
rameter design criteria for the conventional 3rd-HCI active filter
circuitis given in Section II. Section III investigates the problem
of inductor volt-second imbalance, and analyzes the relationship
between the imbalance and the ac line current distortion. Then,
the working principle and parameter design criteria of the im-
proved 3rd-HCI active filter circuit are presented in Section IV.
In Section V, a 5 kW prototype operating at 115 Vrms/400 Hz is
designed to evaluate the analysis. Finally, Section VI concludes
this article.

II. CONVENTIONAL ANALYSIS AND PARAMETER DESIGN
CRITERIA FOR THE 3RD-HCI ACTIVE FILTER CIRCUIT

The conventional analysis, including the parameter design
criteria without considering inductor volt-second imbalance, is
presented in this section, the purpose of which is to show the
basic operation principle, and to provide theoretical basis for
the further analysis.

A. Conventional Analysis for the Circuit

As shown in Fig. 2, the 3rd-HCT active filter circuit is com-
posed of three bidirectional switches, an active current injection
bridge, and an inductor. A sinusoidal three-phase voltage with-
out distortion can be expressed by

ua(0) = Uy cos(0)
up(0) = U cos(f — 27/3) (1)
uc(0) = Un cos(0 + 27/3)
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TABLE I
TRUTH TABLE FOR THE SWITCHES OF IVS

Sector  Input Voltages Dy,  Diw Dy Doy Dg, D Bid Switch
1 Uy > Uy > U 1 0 0 0 0 1 Sbyb
2 Up > Uy > U 0 0 1 0 0 1 Saya
3 Uy > Ue > Uy 0 1 1 0 0 0 Seve
4 Ue > Uy > Uy 0 1 0 0 1 0 Sbyb
5 Ue > Uy > Uy 0 0 0 1 1 0 Saya
6 Uy > U > Uy, 1 0 0 1 0 0 Seye

where 6 is the phase angle and Uy is the input voltage amplitude.
The function of the three bidirectional switches is to ensure
that the inductor L, is always connected to an ac line that has
the smallest absolute value of three-phase input voltages. In
other words, the six diodes and the three bidirectional switches
rearrange the three-phase input voltages from the highest to the
lowest, and therefore, uy > uy, > u, is obtained. That is

Uy = max(Uy, U, Ue)
U, = min (s, Up, Ue) ) (2)
Uy = Mid(Ua, Up, Uc) = —Ux — Uy

The uncontrolled rectifier and the three bidirectional switches
are also named as input voltage selector (IVS). In order to further
reduce the conduction loss in the rectifier, based on [16], the filter
capacitors are moved from the input side to the output side of
IVS. According to the relations of instantaneous input voltages,
the input voltage sectors 1-6 and the conduction logic of IVS are
defined in Table I. It can be found that the switching frequency
of bidirectional switches is twice the ac line frequency, and the
diodes in the rectifier are operated at ac line frequency, resulting
in little switching loss and reverse recovery loss in the IVS.

The sinusoidal ac line currents are achieved by the 3rd-HCI
active filter circuit. Taking sector 1 (u, > uy, > u.) as an example,
the equivalent circuit and the reference current direction are
shown in Fig. 2(a). Ideally, the constant output power P is
realized by the back-end circuit, and then the average dc-link
current in one switching cycle <iy,,>, can be expressed as:

) P

(i) = -~ 3)
Furthermore, it can be found the input current of phase b,
which is denoted as i,,, is equal to the opposite value of third-
harmonic injection current iy, without considering the capacitor
current. Supposing that the input currents are sinusoidal and
have the same phase with ac line voltage (unity power factor),

the reference injection current iy,ef should satisfy

2P 21 2w
) ref— — .r = —— S _—— = —I S _——
Tyref . 30n cos (9 3 ) N COS (9 3 )

“
where Iy is the input current magnitude. With the assumption
that the integral of the voltage over the whole switching period
is zero, application of the principle of volt-second balance to
the inductor Ly in the 3rd-HCI active filter circuit leads to the
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following equation:
dugy — (1 —d)uy, =0 &)

where d is the duty cycle of Sy, in the active current injection
bridge. Furthermore, if the actual injection current iy tracks the
reference value iy,cf, the average currents in Sy, and Sy, which
are denoted as <iyj, > and <i,}, >, respectively, can be expressed
as
(isn) = digri=—2 - iy, (i) = (1 = d)iyur=—2 iy, (6)
uXZ uXZ
Based on (3) and (6), the input currents in the other two
noninjection phases (phase a and ¢ in sector 1) can be calculated
as

ira = (ixn) + (pn) = In cos(0)

3

Therefore, the three-phase input currents are sinusoidal and
have the same phase with input voltages, achieving unity power
factor. Similar to sector 1, the same results can be obtained for
the other sectors. Fig. 2(b) shows the typical waveforms in the
3rd-HCI active filter circuit and the uncontrolled rectifier.

ire = (izn) — (ipn) = In cOS <0 + 27T> . (7

B. Design Criteria for the Conventional Circuit

The inductor L, and the input filter capacitors Ct need to
be designed for the conventional circuit. For the inductor Ly,
the ripple of the inductor current has been analyzed in [5]
and [6]. The ripple current magnitude Aiy is a function of the
input voltage phase 6. In sector 1 (0<@<7/3), Ai, and can be
expressed as

_ V3Ux _sin(#) cos(0 4 7/6)
Ly fs cos(0 — w/6)

where f; is the switching frequency. The peak-to-peak ripple
current reaches the maximum value when 6 is 7/6. At this time,
the reference current iy,ef is zero and the maximum peak-to-peak
current ripple Aiy,ax can be calculated as

V3Ux
ALy fs

If the desired maximum ripple current is ¢; of the maximum
inductor current, the inductance should satisfy

V3Ux
2fs0iIn

The capacitance Cy is designed concerning that the capacitor
voltage ripple caused by the high-frequency current at rated
power should be limited to J,, of the input voltage amplitude
for the converter’s safe operation [17]. Generally, §, is set as
10%. For the 3rd-HCI active filter rectifier shown in Fig. 2(a),
the high-frequency currents across the three capacitors are not
the same. On the one hand, for the capacitor connected to node
v, only the current ripple in i, should be considered. This yields

. V3
320, Ly f2°

Ai,

®)

&)

AZ'ymax =

Ly > (10)

Ct (1)
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On the other hand, to estimate the voltage ripple in capacitors
connected to node x or node z, the current ripple in iyy, and i}, can
be neglected for simplicity if the inductor current ripple factor
0; is not high, calculating the current ripple in i,y is accurate
enough. Therefore, the capacitance should satisfy

In (2 V3M,)
45uUNfskf

where M, is the voltage conversion ratio and k¢ is the current
pulse count of i, in one switching period. For example, if a
voltage source inverter is employed as the back-end circuit and
the continuous space vector modulation is adopted, M., is the
ratio of the line-to-line output voltage amplitude to the input
line-to-line voltage amplitude, and k¢ = 2 is achieved due to the
doubled dc-link current pulse count.

The three capacitors should have the same parameter to
achieve three-phase reactive power constant. Therefore, the
capacitance is the larger value in (11) and (12). It also can be
found from (8) that the ripple in iy is not related to 7y,c¢. This
reveals that the high-frequency harmonics in the ac line currents
under light load are primarily from the injection circuit.

Cr > (12)

III. ERROR INJECTION CURRENT AND AC LINE CURRENT
DISTORTION FOR 400 HZ POWER SYSTEM

According to the derivation process in Section II, the sinu-
soidal ac line currents without distortion are obtained with the as-
sumption that the integral of the inductor voltage over the whole
switching period is zero. The assumption holds approximately
for the public grid but is hard to be satisfied for the aircraft power
system where the ac line frequency is 400 Hz due to the higher
slope of iy,cf. Therefore, this section discusses the ac line current
expression without neglecting the volt-second imbalance and
then investigates the relationship between the imbalance degree
and the ac line current distortion. Finally, the maximum allowed
inductance value is given based on the calculation results.

A. AC Line Current Expression Considering Inductor
Volt-Second Imbalance

Itcan be seen from Fig. 2(b) that the reference inductor current
iyref decreases linearly with a negative slope when the input
voltage sector is in 1, 3, 5 and increases linearly with a positive
slope when the input voltage sector is in 2, 4, 6. In order to track
the reference current, the desired average voltage uj, across the
inductor Ly in one switching cycle can be well-approximated as
follows:

—In/2-IN/2 =
* L diyref LVW - 76LnyIN sec = 1’3’5
Uy, =Ly ~
dt LyW:GL},fN[N sec = 2,4,6
(13)

where fy is the grid frequency. This reveals that the actual
volt-second of the inductor is nonzero. Furthermore, it can be
observed that only the positive voltage uy, and the negative
voltage —uy, can be applied to L, in one switching period.
Therefore, in order to create the desired average voltage uj,
the voltage —uy, should be sufficiently negative to decrease
the inductor current for sectors 1, 3, 5. Similarly, the voltage
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Fig. 3. Two stages of active current injection in one sector.

uyy should be high enough to increase the inductor current 7y,
for sectors 2, 4, 6. Taking sector 1 as an example again, at the
beginning of sector 1, considering that uy, is near to zero and
—uy, < uf, Iy cannot track the reference current iy,¢f. Therefore,
the whole sector can be divided into two stages by determining
whether the actual current follows the reference value, as shown
in Fig. 3.

Stage 1: In this stage, the inductor current cannot follow the
given reference since uy, is smaller than the absolute value of
ug,, resulting in the controller saturation and the on-state for the
low-side switch Sy,. In other words, the circuit cannot create the
desired negative volt-second in this stage even if the low-side
switch is turned-ON continuously. As u,,, increases, the inductor
current i, drops faster until it tracks the reference at ¢,. The
equation that describes the inductor current is

di,
Y dt

By solving the equation, the actual injection current and the

ac line current of phase b can be obtained

—V/3Ux sin(h). (14)

= —Uy, =

. . In V3Ux
= —ly = ——F + ——— [1 —cos(f)]. 15
Ueb iy 2 " oLy [1 — cos(0)] (15)
The error injection current in stage [ iye is
yel = IN COS(9 — 271’/3) — Urb- (16)

Since the high-side switch S, is always in the off-state, the
current from node x <i,,> is zero, and the current from node
Z <izn> is equal to iy. This results in the expressions of ac line
currents of phases a and ¢
sin(f) cos(6 — 27/3)

cos(0 — /6)
sin(6) cos(6 — 27/3)
cos( — 7 /6)

ira = Incos(0) + In -

tre = Incos(0 + 27/3) + iyer — In -
(17)
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It can be seen from (15) and (17) that the three-phase ac line
currents are all nonsinusoidal in this stage. Therefore, the time
span of this stage 0, should be reduced as soon as possible, and
0y can be estimated by solving iy; = 0 using 1—cosf ~ 6212

120y fnIn
v NEINE

The detailed calculation process is given in the Appendix.

Stage 11: In this stage, the negative voltage —u,, is smaller
than uj,, the actual current could track the reference, and the
two switches in the active current injection bridge alternately
conduct in one switching period. The actual duty ratio of Sy,
which is denoted as d,.t, can be calculated by

act (ux — ty) + (1 — daet) (U, — uy) = —6Ly fnIn.  (19)

The difference between (19) and (5) lies in the right side of
the equation. The actual duty ratio d,.; must deviate from the
ideal duty ratio in (5) due to the volt-second imbalance. In a
manner similar to (6), the actual average switch currents <,y >
and <i,,> in one switching cycle can be expressed as

(18)

S Uyy — U, .
“iy, (im) = qu o Ly
XZ

_ Uy, +ug,

<ixh> -

Finally, the actual three-phase ac line currents in stage II can
be expressed as

(20)

uXZ

6Ly fnIE  cos(0 —2m/3)
V3Ux cos(f — /6)
iy = —lyrer = In cos( — 27/3)
6Ly I3 cos(f —27/3)
V3Ux cos(6 —7/6)
This reveals that the current in the ac line, which is connected
to node y (phase b in sector 1) is sinusoidal as the injection
current 7y tracks the reference value 7yt without error. However,
the other two ac line currents are nonsinusoidal due to the
inductor volt-second imbalance. The actual currents in phases
a and ¢ contain two terms. The first is the desired sinusoidal ac
line current. The second term is the error injection current in

stage Il iyeo caused by the inductor volt-second imbalance. iyco
is rewritten as

ira = Incos(f) —

ire = Incos(f + 27 /3) + (1)

6Ly fnIZ  cos(0 —2m/3)
V3Ux cos(f —7/6)

The ratio of the error current to the ac line current amplitude
Iy is calculated to evaluate the degree of current distortions
iye2 6Ly fnIN  cos(f —27/3) (23)

In V3Uy  cos(f—7/6)

In sector 2, the positive voltage uy, should be high enough to
increase the inductor current due to the positive reference current
slope, as shown in Fig. 3. The analysis result is similar to sector
1, and the corresponding results are omitted.

(22)

Z-yeQ =

B. Results Analysis and Maximum Allowed Inductance

Based on the analysis in the above, the error injection current
caused by the inductor volt-second imbalance will always exist
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Fig. 4. AC line current THD, as a function of 6y.

regardless of whether the actual injection current i, tracks the
reference value, resulting in ac line current distortion. The
distortion degree can be evaluated by (18) and (23). It can be
observed that there is a common factor d, in the two equations

5, = OLufly

V3Ux
dy is named as volt-second imbalance factor. The influences of
dy on the ac line currents are summarized as follows.

1) In stage I, the increasing of ¢, causes the time span of
stage I to increase. The time span should be reduced as
soon as possible.

2) In stage II, higher J, leads to larger uj, which causes
the actual duty cycle d, to deviate from the ideal duty
cycle d and induces the error injection current, as shown
in (20) and (23). Although the actual current i, follows
the reference without error, the other two ac line currents
are still nonsinusoidal.

Obviously, d, and ac line current total harmonic distortion
(THD) are closely related. Therefore, Jy, is an important param-
eter for the 3rd-HCT active filter circuit. For a given application,
the fx, In, and Uy are constant, and then only the inductance L,
can be designed to limit current distortion. This yields

_ V3UNGy
VU 6fNIn

Fig. 4 shows the ac line current THD under different d, by
FFT analysis, using the calculation results in (15) and (17) and
(21). It can be seen that d,, and THD are strongly linear since all
the error currents increase linearly with .. Considering that the
THD of ac line currents is limited to 5%, d, should not exceed
10%. Generally, d is quite small (<1%) and can be neglected
for the 230 V/50 Hz public grid. As a result, the purely sinusoidal
ac line currents are still obtained in [5], [6]. However, for the
115 V/400 Hz aircraft power system, the inductor volt-second
imbalance factor is 16 times larger than that in the public grid
due to the lower voltage and higher ac line frequency, leading to
serious current distortion.

Therefore, the inductance should be decreased with ac line
frequency increasing, which causes the disadvantage of higher
current ripple and higher ac line current high-frequency har-
monic components. In other words, for the aircraft applications,
the inductance is hard to meet the requirements of (10) and (25)
at the same time in the inductor design procedure. At this point,
the input filter capacitance or the switching frequency has to be

(24)

L (25)
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Fig. 5. Topology and waveforms in the conventional circuit. (a) Topology.

(b) Carrier waveform. (c) Ripple current waveforms.

increased, which increases the power loss or reduces the power
factor.

IV. IMPROVED 3RD-HCI ACTIVE FILTER CIRCUIT BASED ON
RIPPLE CANCELATION

According to the operation principle of the 3rd-HCI active
filter circuit, the three-phase ac line currents are obtained by fil-
tering the switching harmonics in iy, iy, and i,. The expressions
of iy, iy, and i, are given by

Ix = Ixh + ipn
iy =iz — lpn -
Iy = Ixh + %zh

(26)

Iy, ixh, and i,y are equal to the corresponding average currents
<iy>, <ixn>, and <i,u>, plus the current ripple Aiy, Aiy,,
and Ay,

ixh = <7;xh> + Aixh
izh = <@-zh> + Aizh .
by = <Zv> + AZ.y

The average values of Aiy, Aiy,, and Ai,y, in one switch-
ing period are all zero, and the corresponding waveforms are
illustrated in Fig. 5(c). The variable Aiy, has been defined in
(8). It can be seen that the current ripples are all increased
with the inductance decreasing. According to (26), this increases
the high-frequency harmonic components in the three-phase ac
line currents. It is desired that the inductance value L, can be
decreased without increasing Aiy, Aiyy,, and Ai,y,. Therefore, an
improved 3rd-HCI active filter circuit based on RCC technique
is proposed to achieve quasi-zero ripple in the actual injection
current and to reduce the ripple in the currents from nodes x
and z.

27)

A. Topology and Working Principle

The improved 3rd-HCI active filter circuit with RCC is shown
in Fig. 6(a), two inductors L,,, which are coupled to the inductor
Ly are added in the circuit and are connected to the nodes x
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Fig. 6. Topology and waveforms in the improved circuit. (a) Topology.

(b) Carrier waveform. (c) Ripple current waveforms.

and z via two blocking capacitors Cy,, respectively. The mutual
inductance between Ly, and Ly, is M. Similar to (27), the currents
in the two added branches, which are denoted as it and iy, can
be expressed as

{iLx = (iLx) + Airx (28)

Z.Lz = <iLz> + AZ.Lz '

In the steady state, the blocking capacitor voltages in the aux-
iliary circuit, ur . and ur,,, are approximately same as the output
voltage of IVS, uy, and uy,, respectively. For the conventional
dc—dc converter, such as the Buck converter with zero output
current ripple [10] and Boost converter with zero input current
ripple [12], the voltage applied in the blocking capacitor Cy,
is constant, therefore, the average currents <ipy> and <ip,>
are both zero. However, due to the variable voltages uy, and
Uy, in the 3rd-HCI active filter circuit, the average currents
<irx> and <ir,> include the reactive currents that charge and
discharge the blocking capacitors, which is different from the
dc—dc converter that has constant voltage. The reactive currents
should be considered in the parameter design, but they will not
influence the ripple characteristic analysis. Therefore, <i >
and <ir,,> are neglected here. Furthermore, it should be noted
that only the current ripple and the reactive current flow through
the auxiliary inductors, therefore, the volume of L,, is very small.

According to Fig. 6(a), the equivalent injection current and
the equivalent currents from nodes x and z in the proposed
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circuit are

Ixh_ RCC = %xh + i1x
2zh RCC = %zh + 1Lz
Ty RCC = ty + tLx + 1Lz

(29)

The subscript RCC is appended to the variable names, to dis-
tinguish the terms from the similarly named terms in the conven-
tional circuit. Furthermore, the corresponding current ripples,
which are denoted as Aiy,_rcc, Az rec, and Aiy jec, are
given by

Aty rec = Adyn + Ay
Aty ree = Aign + Ady,
Aiy rec = Ady + Adpy + Adg,

(30)

The improved circuit has the same working principle and
modulation scheme as the conventional circuit. Therefore, the
current waveforms in the switches and inductor Ly, as illus-
trated in the first column of Fig. 6(c), are identical with those
in Fig. 5(c). On the other hand, since the blocking capacitor
voltages are approximately equal to the output voltage of IVS,
uyy, and uy,, respectively, the voltages across the two auxiliary
inductors are zero. Therefore, the circuit equation can be written
as

ury, ury, Ly M M diy/dt
ux|=10|=|M L, 0 dip/dt 3D
ULz 0 M 0 Ly d’L'LZ/dt

Solving the equation results in

% o LmuL diLx - diLZ - —MUL (32)

At~ LmLy —2M2' dt  dt  LyLy — 2M?’

Substituting (32) into (29) yields an expression for the slope
of iy rcc in the improved circuit

diy gec _ diy  diix

. dt  dt

div,  (Lm —2M)uy,
dt — LnLy,—2M?’

(33)

Finally, the condition for zero current ripple in iy rcc is
derived

1
— L.
2
Substituting (34) into (32), the slopes of currents can be

rewritten as

M = (34)

diy — un dikx _ di, - —ug
dt — Leg dt  dt 2L
Lgg=Ly,—-M (35)

where L.y is the equivalent inductance in the improved 3rd-
HCI active filter circuit. When L. is equal to the inductance
in the conventional circuit, the typical current waveforms in the
improved circuit are shown in the last column of Fig. 6(c). It
should be noted that the condition for zero current ripple is based
on the assumption that the blocking capacitor voltages are the
same as the output voltages of IVS. In fact, due to the limited
capacitance, which isrestricted by the reactive power, the voltage
ripples would exist in the blocking capacitors. Therefore, the
actual injection current iy roc is quasi-zero ripple rather than
ideal zero ripple.
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Fig. 7. Magnitude of the first carrier harmonic as a function of 6.

The magnitudes of the first carrier harmonic in the conven-
tional circuit and improved circuit are computed to evaluate
the influence on the input filter, using Fourier series applied
to the ripple current waveforms during one switching cycle. The
magnitude of the first carrier harmonic, which is normalized
with respect to Aiymax., is plotted in Fig. 7 as a function of the
input voltage phase 6.

Based on Figs. 5-7, the current ripple characteristics are
summarized in the following.

1) Zero current ripple is obtained for iy rcc.

2) The maximum magnitude of the first carrier harmonic in
ixn_rcc and i,y rec is only half of the magnitude in iy,
and i,},. Especially, when 0 is nearly 7/6, the first carrier
harmonic of iy, rcoc and i, rec has been reduced to zero
as the fundamental frequency of the waveforms has moved
toward 2f;.

The analysis shows that the improved circuit not only achieves
zero ripple in the injection current iy rcc but also reduces the
high-frequency harmonics in the currents from nodes x and z
(ixn_rcc and izn_rcc). Therefore, the inductance value of L, can
be reduced significantly without increasing the ac line current
high-frequency harmonics, and then the current distortion can
be removed. It should be noted that the improved circuit only re-
duces the high-frequency current ripple, and the basic operation
principle is the same as that in the conventional circuit, therefore,
the control strategy for the conventional circuit is also suitable
for the improved circuit, as shown in Fig. 2(a). Furthermore,
all the semiconductors in the 3rd-HCI active filter circuit have
to block the amplitude of line-to-line voltage \/gUN, and the
maximum current of semiconductors is only half of the ac line
current amplitude.

B. Transfer Function of the Improved Circuit

In order to design the improved circuit, the transfer function
should be calculated first. For the input filter, elements L¢ and Ct
are chosen to filter the switching harmonics. Besides, a resistor
R4 is employed in parallel with inductor to damp the resonance.
The equivalent circuit, including the damped input filter and the
improved 3rd-HCI active filter circuit, is shown in Fig. 8. The
transfer function of the circuit is given by

Gy (s) = iy_'RCC(S) _ 1
iy(s) 2MCrys242C, Zs(s)s+1
1
sCr + %Lf + R%l

Zi(s) = (36)
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Fig. 9. Implementation of the improved 3rd-HCI active filter circuit based on
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where Gy (s) and Z¢(s) are the transfer function of the RCC circuit
and the output impedance of input filter, respectively, and then
the attenuation characteristic is plotted in Fig. 8. On the one
hand, it can be seen that the improved circuit induced an extra
resonant frequency due to L,,, and Cy,,. Fortunately, the resonance
can be damped owing to the original damping resistor R4. On
the other hand, the RCC circuit is equivalent to an LCL filter,
therefore, the extra attenuation can be obtained compared to the
conventional circuit.

C. Design Criteria

The self-inductance L,,, as shown in Fig. 6(a), can be realized
by utilizing the leakage inductance of the winding, achieving the
minimum component count. However, the leakage inductance
depends on the magnetic circuit, which is hard to be adjusted in
the actual experiment. Therefore, the two auxiliary inductors are
implemented by using two independent inductors L. and adding
a second winding in Ly. The second winding is tightly-coupled
to Ly and has the self-inductance Lg, as shown in Fig. 9. The
design criteria of Ly, M, and C,, in Fig. 6(a) are given in this
part, and then, Ls and L, in Fig. 9 can be determined, using the
equivalent circuit model of coupled inductor as follows:

M2
Ly

L = ,LC:Lm—zLS:2M<1—f>. (37)

y
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1) 3rd-HCI Inductance Ly: Due to the quasi-zero ripple cur-
rent in the improved circuit, only the volt-second imbalance fac-
tor 0, needs to be considered in the design procedure. Therefore,
Ly is determined by (25), and d,, is limited to 10% based on Fig. 4.

2) Blocking Capacitance Cy: The aim of the capacitors is to
block the voltage u,y and u, and to provide approximately zero
voltages for the auxiliary inductors. Therefore, the voltage ripple
in Cy,, which is caused by the auxiliary inductor ripple current,
should be limited to d.Uy. Generally, d.. is set to 5%, achieving
a tradeoff between voltage ripple and capacitor volume. Based
on (35), the ripple current of each capacitor is half of that in the
inductor L. Hence, the blocking capacitance is given by

V3

Un > S5y 2

(38)

Furthermore, as mentioned in (28), the blocking capacitor
voltages uy, and uy, are variable instead of constant, which
induces reactive currents <ir, > and <ir,>

(inx) = C, duxy _ [9C,Un [x sec=1,3,5
Lx) — Um dt ~ _QCmUNfN sec = 27476
sec=1,3,5

<iLz> == Cm

d(—uy,) ~ {9CmUNfN (39)

dt —9CLUnfn sec=2,4,6"

On the one hand, the induced reactive currents are unbalanced
for the three-phase system, therefore, an extra capacitor that has
the same capacitance value as the blocking capacitor should be
added in the dc-link to balance three-phase reactive power, as
shown in Fig. 9. On the other hand, the high-frequency harmonic
components of ac line currents are reduced significantly, then
the input capacitance in the improved circuit can be reduced to
ensure the same total capacitance

L2 VM)

Cf - 4 5u UN fS - OIII .

(40)

3) Mutual Inductance M: It can be seen from (39) that the
reactive current direction in the auxiliary inductor is changed
after input voltage sector switching. Considering that the in-
ductor current cannot be changed instantaneously, then the time
constant for Ly, and Cy, should be small enough to ensure that
the reactive current direction can be changed quickly. This yields

1 1
21V LmCra 2m/2MChy
Besides, the actual injection current is not ideal zero ripple
current due to the limited blocking capacitance Cy,. The actual

current ripple factor §,/ can be obtained by multiplying the
current ripple in iy and the attenuation of RCC circuit

V3Ux .
T Al (Ty - ) U

> (3~5)6fn.  (41)

5 (42)

This should be smaller than the desired current ripple factor,
such as 20%. The mutual inductance should satisfy the two
constraints at the same time. Finally, Ly and L. are obtained
by (37). The flow chart of the circuit design is shown in Fig. 10.
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TABLE II
SUMMARY LIST OF COMPONENTS IN THE PROTOTYPE

| Calculate the maximum Ly using (25) |

l

| Calculate the blocking capacitance Cm using (38) |

| Calculate the blocking inductance Lm with constraints (41) and (42) ‘

}

( RCCcircuit design is finished )

Conventional Improved
Variables Description
Circuit Circuit
s Switching Frequency 36 kHz 36 kHz
L¢ Input Filter Inductor 3x150 uH 3x150 uH
Cy Input Filter Capacitor 3x5.0uF 3x4.0uF
R4 Damping Resistor 3x22Q 3x22Q
v Current Injection Inductor 900 uH 300 uH
¢ Auxiliary Inductor NULL 2x130 uH
n Auxiliary Capacitor NULL 3x1.0uF

Fig. 10.

Flow chart of the circuit design.

Improved
Current
i Injection
Circuit
— ¢ Liw With RCC

Inverter

Fig. 11.  Experimental platform of the improved 3rd-HCI active filter circuit
based on the RCC technique.

V. EXPERIMENTAL EVALUATION

A 5 kW prototype operating at 115 Vrms/400 Hz, as shown
in Fig. 11, is established to verify the analysis. A voltage source
inverter is connected to the dc-link to form a three-phase ac—
ac converter. The fundamental frequency of injection current is
1200 Hz. To ensure the low control error, the carrier ratio is
selected as 30, resulting in the 36 kHz switching frequency. For
the conventional 3rd-HCI active filter circuit without concerning
volt-second imbalance, according to (10)—(12), if the desired
voltage ripple factor §,, and current ripple factor §; are 10% and
20%, the required values of C; and L, should be larger than
3.94 uF and 954 pH, respectively.

Finally, 5.0 ©F and 900 pH are selected in the experiment.
However, the inductance should not exceed 572 upH if the
volt-second imbalance factor dy constraint is concerned based
on (25). It can be observed that the current ripple and inductor
volt-second imbalance constraints cannot be satisfied in the
conventional circuit at the same time.

For the improved circuit, the two restrictions are easy to be
realized due to the reduced current ripple. Here, the inductance of
Ly is selected as 300 pH. The capacitance of blocking capacitor
Cyy, is determined by (38), and then 1 uF is chosen, which yields
4 uF for the input capacitor Cy. Considering the reactive current
switching time and system stability, the mutual inductance M is
selected as 100 pH based on (41) and (42). Finally, according
to (37), the inductance of Lg is 33 pH, and the inductance of

(b)

Fig. 12.  Inductors in the (a) improved circuit and (b) conventional circuit.
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Fig. 13.  Experimental results under different inductor volt-second imbalance
factors. (a) P = 2.5 kW, 6y = 7.86%. (b) P =5 kW, 6, = 15.7%.

L. is 130 pH. All the parameters of the converters are listed in
Table II. The inductors employed in the conventional circuit and
improved circuit are shown in Fig. 12. Although the auxiliary
inductors are added in the improved circuit, the inductance of Ly,
is reduced significantly. Therefore, the improved circuit would
not increase the volume.

Fig. 13(a) shows the waveforms of the conventional circuit
when the load power is 2.5 kW. At this time, the volt-second
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Fig. 14.  (a) Experimental result for the conventional circuit in the case where
Ly = 300 pH and P = 5 kW. (b) Zoomed-in window of the waveform.

(c) Experimental result at light load (2 kW).

€ 1004

imbalance factor dy, is 7.86%, which is within the 10% limita-
tion. Therefore, the ac line current is still sinusoidal with little
distortion. Then, the load power is increased from halfload to full
load (5 kW). In the case where the inductance of Ly is 900 pH,
the volt-second imbalance factor dy is up to 15.7%, resulting
in obvious current distortion, as shown in Fig. 13(b). Based on
the analysis in Section III, decreasing the inductance of Ly is a
common approach. When the inductance is reduced to 300 pH,
the waveforms are shown in Fig. 14(a). The current distortions
are removed and the sinusoidal ac line current is obtained again.
However, as illustrated in the zoomed-in window of waveforms,
cf. Fig. 14(b), the ripple current is increased significantly and
the maximum peak-to-peak current ripple is about 10 A, which
increases the capacitor voltage ripple and ac line current high-
frequency harmonic components. Furthermore, the waveforms
at light load (2 kW) in Fig. 14(c) show that the injection current
ripple is the same as that under heavy load, and is not related to
the magnitude of iycs.

Fig. 15(a) shows the waveform of improved circuit at full
load. Compared with Fig. 14(a), the ac line current distortion
is also removed. Furthermore, owing to the RCC technique,
the current ripple in the improved circuit is reduced to nearly
zero. Indeed, the actual current ripple is not ideally zero, and
the glitch in the actual current can be observed in Fig. 15(b) due
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Fig. 15.  (a) Experimental result for the improved circuit in the case where Ly,

=300 pH and P = 5 kW. (b) Zoomed-in window of the waveform. (c) Ripple
current waveforms at the auxiliary circuit and main circuit.

to the limited blocking capacitors. However, the high-frequency
harmonic components have been attenuated sufficiently, and the
glitch can be filtered by the input LC filter easily. The zoomed-in
window in Fig. 15(c) shows that the ripple current waveform
(green line) created by the auxiliary circuit has the inverse phase
with that in the main power circuit. The experiment results show
that the inductance in the improved circuit can be reduced to
remove the current distortion caused by the inductor volt-second
imbalance without improving the current ripple.

Furthermore, in more electric aircraft, the operating frequency
can be as high as 800 Hz. The analysis and design method
should be extended to 800 Hz. As mentioned in the above,
the injection current in the improved circuit is quasi-zero ripple
rather than ideal zero ripple since the blocking capacitance Cy,
is not infinite due to the limitation of reactive current amplitude
and the reactive current direction change after input voltage
sector switching. As the ac line frequency increases, the blocking
capacitance C,, must be reduced to decrease the reactive current,
which also reduced the attenuation of RCC circuit and then
increases the currentrippleini, rcc. Fig. 161s the experimental
results. Due to the higher ac line frequency, the inductance of
Ly, and the capacitance of Cp, are decreased to 200 uH and
0.47 uF, respectively. Comparison of Fig. 16(a) and (b) reveals
that the current ripple in the improved circuit is still decreased
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Fig. 16.  Experimental result in the case where the ac line frequency is 800 Hz.
(a) Conventional circuit. (b) Improved circuit.
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Fig. 17. Experimental results for the improved circuit in (a) load step-up

process and (b) load step-down process.

even though the actual injection current is not ideal zero ripple.
However, the current ripple in Fig. 16(b) is significantly larger
than that in Fig. 15(b). This reveals that there is still a tradeoff
in the improved circuit.

The waveforms of dynamic process are shown in Fig. 17. The
load power steps up from 2 to 5 kW and then steps down from
5 to 2 kW. The regulation time is about 500 us, which verifies
the operating performance for the improved injection circuit.

Finally, the efficiency curve and ac line current THD curve are
plotted in Fig. 18 as a function of load power. In this three-phase
ac—ac prototype, the Si-IGBTs and Si-Diodes are employed in
the IVS to reduce the costs, and the 40 m$2 SiC-MOSFETSs are used
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Fig. 18.  Prototype efficiency and AC line current THD curves as a function
of load power.

to build the active current injection bridge and the voltage source
inverter. The peak efficiency is above 97% at rated operating
point. Considering the efficiency of voltage source inverter is
about 98%, the efficiency in the front-end circuit is about 99%,
which demonstrates the high efficiency due to the characteristic
of the 3rd-HCT active filter circuit.

VI. CONCLUSION

In this article, the 3rd-HCI active filter circuit is analyzed
and designed for the 115 V/400 Hz aircraft power system. The
conclusions are summarized in the following.

1) The volt-second applied to the inductor in the 3rd-HCI
active filter circuit is nonzero in one switching period.
The volt-second imbalance increases with higher ac line
frequency, and then results in the ac line current distortion.
Based on the analysis results, the ac line current THD
increases linearly with the inductor volt-second imbal-
ance factor. The method of reducing inductance would
cause larger inductor current ripples. For some cases, the
design of inductor is not able to fulfill the requirements of
volt-second imbalance factor and current ripples simulta-
neously.

2) The improved circuit with RCC technique realizes quasi-
zero current ripple in the injection current and reduces
the high-frequency harmonic components in the ac line
currents. Therefore, only the inductor volt-second imbal-
ance constraint needs to be considered in the inductor
design procedure, which extends the operating range of
the converter significantly.
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APPENDIX

The actual injection current has been obtained in (15)

In V3Ux

N VOUN g
> " Bmfaly LTS

©)]. (A1)

iy =
Using the equivalent infinitely small 1-cos(#)=6%/2, iy, can be
written as

_Ix V3Ux 92

o N VIOUN g2 A2
VI T dn e, (A2)

In stage I, the value 6 is not very large, therefore, the approx-
imation is adequate enough. The reference value iy, decreases
linearly with a negative slope. It can be seen from Fig. 3 that
the slope is about a constant, therefore, the reference can be
expressed as

2 I 31
Tyret = — 1IN COS (0 — —W> ~ N 2N
s

3 > (A3)

At Oy, 1y is equal to iyef, that is, (A2) is equal to (A3). This
yields
120y fxix
v V3Un
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