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Abstract—This paper presents a pulse-width-modulated
(PWM) inverter-based high frequency AC power distribution
system for space application. The complete power train is
described in adequate detail. Critical design challenges are
identified for both harmonic trap filters as well as inverter-side
LC filter. Considering realistic tolerance in inductor fabrication,
a trap filter design approach is proposed to ensure best possible
harmonic attenuation. Also, to minimize any circulating current
between the LC filter and harmonic trap filters, a tractable design
guideline for the filter capacitor is proposed. Both these design
approaches are validated using MATLAB simulation and also on
experimental prototype by transferring 0.5 kW of power through
a 50 Vpcqr, 10 kHz AC system.

Index Terms—High-frequency PWM inveter, trap filters, LC'
filter.

I. INTRODUCTION

Satellites conventionally use DC distribution system to
meet their electrical requirements. The existing satellite power
supply scheme is depicted in Fig. la. It has isolated DC/DC
converters near each point of load (POL) to cater the critical
radar loads. So, the number of DC/DC isolated converters is
equal to the number of POLs. This not only makes the system
costly but increases the challenges in productization. These
issues can be addressed by a high frequency AC (HFAC)
power distribution scheme, shown in Fig. 1b. In the HFAC
distribution scheme, multiple inverters operate in parallel to
power the high frequency AC bus. On the load side, there is
a simple transformer and diode-bridge rectifier, followed by
POL converters. Due to HFAC, the size of the transformer is
small and power conversion is easy. Thus, HFAC approach
reduces the system complexity and makes it reliable for space
application [1].

HFAC power distribution was first introduced by NASA
to replace the existing DC system for satellites [2]. Due to
unavailability of fast power semiconductor devices, classi-
cal DC-HFAC inverters had been developed using resonant
topologies since these converters can be switched at HFAC
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Fig. 1. (a) DC and (b) HFAC power system.

power line frequency itself. High voltage gain property of
parallel resonance is leveraged in Thyristor-based Mapham’s
inverter to produce 440 V, 20 kHz HFAC supply from 150 V
DC source [3]. But this topology suffers from inevitable
commutation failure during start-up at full load. Additional
circuit arrangement is necessary to mitigate this issue [4].
MOSFET-based series-parallel resonant inverter is an attractive
solution for HFAC systems [5]. Unfortunately, parallel opera-
tion of these inverters results in unequal current sharing and
significant circulating current among multiple inverter modules
due to inherent load dependent nature of the resonant tank.
These issues are somewhat tackled by exact synchronization of
gate driving signals and also by adopting complicated control
strategies [6], [7]. On the other hand, parallel operation of
pulse-width-modulated (PWM) inverters is a well-developed
technology for 50 Hz/60 Hz micro-grids [8]- [10], which could
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Fig. 2. Complete power train of a PWM inverter module.

potentially be extended for HFAC networks as well. But a
PWM inverter requires its switching frequency to be at least
20 times higher than the HFAC line frequency. However, high
frequency switching is achievable using state-of-the-art power
semiconductor devices without incurring high switching loss.
This makes the PWM inverter a suitable candidate for HFAC
application in the present scenario. In this approach, PWM
inverters supply the non-linear diode bridge rectifier load.
So, trap filters are needed to provide the required harmonic
currents drawn by the rectifier, so that good quality HFAC
voltage and current can be maintained.

This paper presents a PWM inverter-based HFAC power
distribution system and also addresses a couple of associated
critical design challenges. The key contributions of this paper
are as follows.

1) The complete power train of PWM inverter-based HFAC
system is detailed.

A trap filter design approach is proposed to ensure
sufficient harmonic attenuation for a given tolerance in
inductor fabrication.

A systematic approach for filter capacitor design is
presented to minimize harmonic circulating current.

A brief description regarding the hardware development
of high frequency (HF) PWM inverter is given.

2)

3)
4)

The organization of the paper is as follows: Section II
presents the proposed HFAC power architecture along with its
specifications. The trap filter design methodology considering
the tolerances of the components is presented in Section III.
Section IV discusses the possibilities of circulating current
flow between the trap and LC filters and proposes a suitable
way of filter capacitor design to mitigate this issue. Simulation
and experimental results are presented in Section V. Finally,
the paper is concluded in Section VI.

II. PROPOSED SYSTEM ARCHITECTURE

The complete power circuit of a PWM inverter module is
shown in Fig. 2, where L; and Cy are inverter-side filter in-
ductance and capacitance, respectively. The lumped inductance
of the HFAC power line is represented by L;. Rectifier-side
filter inductance and capacitance are denoted by Lypc and
Cypc, respectively. The diode rectifier draws square-wave
input current (i pp) which causes significant higher order odd

harmonics in HFAC line current (¢;,,,). This not only increases
the power distribution loss but leads to poor total harmonic
distortion (THD) of HFAC bus voltage (v;n,) as well. So,
to bypass the currents up to 9*" harmonic, trap filters are
positioned at the rectifier input, as shown in Fig. 2. Note, since
any leakage inductance of the transformer gets absorbed in L,
the high frequency transformer (HFT) is not considered in this
work without any loss of generality. The load is assumed to
be concentrated and the load resistance, Ry, shown in Fig. 2,
can be reflected across the trap filters as shown in (1).

2

%RL (1)

The specifications of the HF PWM inverter are given in Table
L.

Reg =

TABLE I
SPECIFICATIONS OF THE PROPOSED HFAC INVERTER
Output Power, P 500 W
Input Voltage, Vpo 70V
Output Voltage, (Viny)pk 50 V
Fundamental Frequency, f, | 10 kHz
Switching Frequency, f; 200 kHz
DC Filter Inductor, Lypc 54 uH
DC Filter Capacitor, C'tpc | 40 pF
Load Resistance, Ry, 1.85 Q
Equivalent Resistance, R, 228 Q

III. TRAP FILTER DESIGN

Fig. 3 presents an h-order (h=3,5,7,9) harmonic trap filter,
where inductance, capacitance and effective series resistance
(ESR) are denoted by Ly, C}, and 7, respectively. These filters
are typically designed to provide low impedance path to a
specific harmonic current (/), while offering high impedance
to the fundamental current (/7). Using Laplace operator,
s(=jw), the impedance transfer function of trap filter is derived
in normalized form as given in (2). Here, @y, Zno and wy,
represent quality factor, characteristic impedance and natural
resonant frequency of the trap filter, respectively. It is obvious
from (2) that a perfectly tuned (w = wy,) trap filter offers low
impedance, Z;, = rj, to the harmonic current.
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Fig. 3. Equivalent circuit of h-order trap filter.
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Though low tolerance capacitors are easily available in
the market, fabricating inductors of precise values is quite
challenging. Thus for any practical design of Ly, it is difficult
to ensure exact tuning of wy, at a desired harmonic frequency.
This de-tuned condition could potentially result in a high har-
monic to fundamental impedance ratio (Rj) which degrades
the performance of the trap filters. To minimize the effect of
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Fig. 5. Variation of Rf with Q3.
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inductor tolerance (A Ly) on Ry, trap filter design is performed
as follows. First, the impedance transfer function is re-derived
as

7L (s) = (s/w)” + (s/(whQ)) +1

(s/(whZho)) ’
w
Z;LO = UZhO? Q/h = UQh7 UJ;L = 7}17 (3)
ALy
=4/1
o + In s

where, the quantities with (') notation represent the updated
filter parameters due to inductor tolerance. Next, using (3),
the ratio (R},) between harmonic (| Z;,(jwp,)|) and fundamental
(1Z;,(jw1)) impedances are obtained as (4), where, F, is the
ratio of fundamental (w1) to harmonic (wy) frequency.

_ 1Z,Gwn) V14 Q51 —0?)?

T2, T (@Qn/Fun)?(— 07 F2,)?

R, “4)

Also, the ratio (R},) of equivalent load resistance (R.) to
fundamental impedance (|Z}, (jw.)|) is obtained as (5).

/ Req
B = 1z G ®

Considering a practical range of ALy, (10%-20%), variation
in third harmonic to fundamental (R3) impedance ratio with
varying quality factor is plotted in Fig. 4. Clearly, a low choice
of Q3 causes higher harmonic to fundamental impedance ratio
compared to any (5 > 100. Fig. 5 shows variation in Rf
with @3 for different tolerances. Evidently, a low choice of
Q)3 increases R%. This in turn increases fundamental current
through the trap, which is not desirable. Since both these
characteristics become flat for ()3 > 100, choosing even higher
@3 is redundant. Instead, for a given harmonic current, a large
Q3 would increase L3z which in turn increases the size of the
inductor. Similar trend is noted for other trap filters and hence,
Q3 is decided to be around 100—150. Subsequently, for 3¢
harmonic frequency (30 kHz) with (Q3=150 and an estimate
of rg= 60 m{2 (considering appropriate margin), L3 and Cj
are decided using w3 = 1/4/L3C3, Q3 = (1/r3)+/L3/C5 and
the values are obtained as 47.78uH and 0.589uF, respectively.
Following the same procedure, all other harmonic trap filters
are designed. The parameters measured from the trap filter
prototypes are listed in Table II.

TABLE II
TRAP FILTER AND INVERTER SIDE LC FILTER PARAMETERS

Parameters Value Parameters | Value Parameters Value

L3 50.92 uH 5 35 m{2 Cq 0.6237 uF

s 15.788 ;H p 27 mS? Co 0.628 ;F

I, 896 uH o 2T mQ) I 104 ;H

T 396 ol Cy 0.566 (iF o, 125 jF

r3 28 mQ2 Cs 0.611 uF - -




IV. LC FILTER DESIGN

Representing the duty ratio as x, the standard design equa-
tions for filter inductor and capacitor of a buck converter [11]
are derived as

_ Vbe
f= AILfsx(l_x) (6)
C* VDC x(l — a:) . (7)

I LiAViof2 16

Here, V¢ is the input voltage of the buck converter, Al
represents peak-peak inductor current ripple, AV;,, denotes
peak-peak output capacitor voltage ripple. With the consider-
ation of sine triangle PWM with a saw-tooth carrier signal,
these design equations are directly utilized for HFAC inverter
filter design by substituting

‘/inv(pk:)

sind (8)

’ Vbe

Here, 8 = 2nfyt. From (6) and (7), it is to be noted
that maximum ripple in both inductor current and capacitor
voltage are obtained when x = 0.5 that is § = 45°. Therefore,
Considering the worst-case modulation index (z = 0.5) and
rated load, Ly is designed to restrict peak-peak inductor
current ripple (Aly) within 20% of average current over
a switching cycle. Similarly, a conventional design of filter
capacitor (C7) is possible to limit peak-peak voltage ripple
(AV¢) within 2% of its average value. Ly is given in Table
Il and C} = 2.5uF is used for further analysis.

Fig. 6. Harmonic equivalent circuit considering LC filter, line inductance
and trap filters.

Fig. 6 represents h-order harmonic equivalent circuit of the
HFAC system. Equivalent impedance of the LC' filter and
HFAC line (Z.4(x)) is given by (9).

Zeq(n) = £ Xeqn) = (JwnLyl| ) +jwnLy  (9)

jwh Cf
Considering inductance tolerance (ALy) and ignoring ESR,
trap filter impedance (Z},) is derived as (10).

! (10)

Zny = £jXp = jwpLp + TonCon

The ratio (K},) of harmonic currents in HFAC line (1;,,(1))
and rectifier input (/) is obtained as

linv(h) i X (n)

in +j Xeqn) £ Xn)

Clearly, for a perfectly tuned trap filter (AL = 0), Z) =
0 and thus K} =0. But any non-zero ALj implies K5 > 0,
which increases harmonic current in HFAC line. If both Z,,)
and Z}, are either inductive or capacitive in nature, K; < 1 is
at least maintained. But dissimilar nature of these impedances
could potentially lead to K, > 1, which implies unacceptable
harmonic current circulation between the trap and LC filters.

As the line inductor (L;) in a satellite power distribution
system is fixed, only the filter components (L; and C'y) can
be adjusted to satisfy the condition (11). Again, the adjustment
in Ly can make the system bulky which is not recommended
for any satellite power application. In order to avoid such
circumstances, adjustment in C's is the only option.

Ky =

(11
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Fig. 7. Variation of K}, with varying Cy for ALy /Lj, =+10%.
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Fig. 8. Variation of K, with varying Cy for ALy /Lyp, =-20%.

To address this issue, careful selection of C'y is necessary.
Considering different combinations of practical inductance
tolerances, variation in K, is observed by sweeping C'y around
C%. Forbidden ranges of C'y which cause K, > 1 are shown
in Fig. 7 and Fig. 8 with equal tolerances (+10% and -
20%) for all harmonic traps. Clearly, for +10% tolerance,
various regions of Cy are available, which satisfy the ripple
criterion and minimize harmonic current as well. But for -
20% tolerance, the ripple criterion needs to be compromised in
order to avoid any harmonic circulating current. The forbidden
range of C for different ht" harmonic components are shown
in Table IIT and IV considering -10% and +20% tolerances,
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respectively. Based on this approach, C is decided and listed
in Table II.

TABLE III

FORBIDDEN RANGE OF C'y FOR ALy, /Ly, = +10%

TABLE VI
DETAILS OF THE GATE DRIVER
Part Number V tpd Vout Ik,
ADuM4135 | 25-6 V | 40-70 ns | 12-30V | 4 A

Harmonic No. | Min. Value (uF) | Max. Value (uF)
3rd 4.8 9.8
5th 24 3.5
7t 1.5 1.7
9th - 1.0

V. RESULTS AND DISCUSSIONS

Fig. 9a presents the power board and the gate driver card.
Trap filter inductors and capacitors are shown in Fig. 9b and
the corresponding parameters are listed in Table II. An air-
core inductor is also fabricated to emulate the line impedance
of the satellite power system, as shown in Fig. 9b. Fig. 9c
depicts the diode bridge rectifier. Based on the specifications
listed in Table I, the ratings of the MOSFETs are decided
considering appropriate margin and detailed loss calculation
(both conduction and switching losses) is done before selecting
the devices.

The gate driver is selected depending upon the voltage level
and peak current capability. Due to the constraints of satellite
power applications, all the power MOSFETSs are arranged in
the same row and gate driver card is placed at a right angle to
the power board in front of the MOSFETs as shown in Fig.
9a. Details of the selected MOSFET and gate driver are listed
in Table V and VI, respectively.

The significance of the proposed trap filter design approach
is demonstrated using both MATLAB simulation and ex-
periment. First, the inverter is run using the trap and LC
filters designed with the proposed approach (Table II). Note,
the trap filter design was done in Section III considering
@ > 100. Compared to the designed value, L3 is measured
to be +6.6% (Case-I). Considering this tolerance in Ls, the
circuit is simulated in MATLAB Simulink and the results are

TABLE IV
FORBIDDEN RANGE OF C'y FOR ALy, /Ly, =-20%
Harmonic No. | Min. Value (uF) | Max. Value (uF)
3rd 9.8 15.0
5t 35 15.0
7t 1.8 8.0
9th 1.1 1.8
TABLE V
DETAILS OF THE POWER MOSFET
Part Number Vds Ids(on) Rds(on) Vgs(th)
IPPO75NISN3 G | 150V | 100 A | 75 mQ) | 24V

presented in Fig. 9d. Clearly, the rectifier draws a square-
wave current, ippg. However, the inverter current, %;,, iS
almost sinusoidal since the higher order current harmonics are
supplied by the trap filters. This helps to achieve a nearly
sinusoidal inverter output voltage, v;,, as well, as shown
in Fig.9d. FFT analysis is performed on the simulated %;5,,
waveform and the spectrum is presented in Fig. 9g. The THDs
of both v;,,, and i;,, obtained from simulation are shown in
the Table VII. Experimental results of Case-I is shown in Fig.
9j, where good agreement is noted with respect to Fig. 9d.
The FFT spectrum of experimental ;,, is shown in Fig. 9m.
Experimentally obtained THD numbers are also listed in Table
VII. Simulated THDs appear more optimistic compared to the
experimental values. One potential source of this error could
be the absence of non-idealities in the circuit model.

Next, with lower ) (= 94.2) 3rd harmonic trap is designed
with Ls = 17uH, C3 = 3uF and r3 = 25.27 m{) (Case-
II). Tolerance in L3 is noted around +5% for this design.
The simulated waveforms for Case-II are given in Fig. 9e
and the FFT spectrum of simulated ¢;,, is given in Fig.9h.
Experimental results for Case-II are depicted in Fig. 9k which
is quite close with Fig. 9e. The FFT spectrum of experimental
1iny 18 shown in Fig. 9n. The THDs of v;,,, and %;,, for Case-
II for both simulation and experiment are listed in the second
column of Table VII.

For comparable tolerances, high ) trap design (Case-I)
ensures lesser 3"¢ harmonic component in ;,,, as well as
restrict the flow of fundamental current through the traps. In
Table VIII, the fundamental current flowing through the traps
(UpB1— Iinvy1) with respect to fundamental component (Ipp1)
of rectifier input current (ipp) and the ratio of 3"¢ (I;,,,3) to
fundamental (/;,,,1) component of the inverter current (i;,,)
are tabulated. As evident from Table VIII, both fundamental
and 3" harmonic components through the traps have increased
in Case-II than Case-I, which validates the proposed trap filter
design. This phenomenon is noted both in simulation and
experiment.

Finally, retaining all other filter parameters as per Table II,
only Cy is increased to 2.5 uF, which causes K7 > 1 (Case-
III). The simulation results and FFT spectrum of simulated %;y,,,
are shown in Fig. 9f and Fig. 9i, respectively. Experimental
results with FFT spectrum of experimental %;,, are shown in
Fig. 91 and Fig. 90, respectively. Compared to Case-I, 7*"
Linw7) to 15% (L;,1) harmonic ratio in i;,, is increased by
around 2 times for Case-III (see Table IX) for both simulation
and experimental results. This validates the proposed C'
design approach. The THDs of v;,, and %;,, for Case-III for
both experimental and simulation are listed in the third column
of Table VII.
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TABLE VII
COMPARISON OF THD

Case-1 Case-II Case-III
THD (%) | THD (%) | THD (%)
Vino(Sim) 9.53 16.98 9.21
binu(Sim) 7.73 9.78 11.45
Vinw(Bap) | 17.74 24.37 16.88
bino(Bap) 16.94 19.38 24.62
TABLE VIII
COMPARISON OF FUNDAMENTAL AND 3"¢ HARMONIC
Case-I Case-II
i e KO B e W e e KM I e )
{inu(Sim) 1.42 2.14 3.44 3.29
Linv(Ezp) 4.20 8.84 5.68 10.99
TABLE IX
COMPARISON OF FUNDAMENTAL AND 7** HARMONIC
Case-1 Case-III
Linw(r) Linw(r)
(Iinv(l)) (%) (Iinv(l)) (%)
binu(Sim) 5.07 10.05
bino(Bap) 7.88 18.36

VI. CONCLUSION

A PWM inverter-based HFAC power distribution architec-
ture for space application is presented in this paper. Different
components of the proposed HFAC system are explained.
Considering practical tolerance in inductor fabrication, the trap
filters are designed to ensure sufficient harmonic attenuation in
the line current. A possibility of harmonic current circulation
between the inverter-side LC' filter and the trap filters is
noted and this issue is addressed by appropriate selection of
the filter capacitor. A brief description about the hardware
development of HF PWM inverter is given. Experimental
results are presented for validation. Evidently, the proposed
trap filter design reduces the 3"¢ harmonic component in the
line current by 19.56% and lowers the fundamental current
through the traps by 26.06%. Also, about 57.08% reduction in
the 7*" harmonic component in line current is experimentally
observed due to proper choice of the filter capacitor. The
HFAC power system presented in this work could potentially
be an attractive solution for the space applications.
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