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Abstract—This article describes a PWM inverter based shunt
active filtering scheme for high frequency AC systems in space
applications. A relatively simple control architecture using only
proportional, integral, and resonant controllers along with a sec-
ond order generalised integrator is proposed for the shunt filter.
The controllers are designed such that they are implementable
using Op-Amp based analog circuits which is preferable for space
application. Example design parameters are given for designing
the analog controllers. Simulation results are shown to compare
the performance of the proposed system with classical passive
filter based compensation. Dynamic response of the proposed
system due to load change is also shown.

Index Terms—Active Filter, High Frequency Inverter, Har-
monic Compensation, Space Applications, Shunt Compensation

I. INTRODUCTION

High frequency AC (HFAC) power distribution systems
have gained increased popularity for power distribution in
space applications [1], [2]. Prior works have employed res-
onant converters for such applications due to their capability
of generating HFAC without operating the active devices at
high frequencies [3], [4]. However, the load-dependent gain of
resonant converters restricts them from performing well when
the load varies over time significantly [5]. Recently, due to the
advancements in high frequency power semiconductor devices
there is an increased interest of using high frequency PWM
inverters for HFAC systems [6]. Since, PWM inverters can
be designed to operate as voltage source or current source
with strict regulation independent of load, they solve the load
dependence problem of the resonant converters.

Even though these PWM inverters are operated as voltage
sources (VSI), the nonlinear nature of the loads demand a
significant amount of harmonic power [6]. This can distort
bus voltage and inverter current and may lead to unfavourable
operating conditions. To mitigate these drawbacks a passive
LC tank filter-based approach was adopted [6] where LC filters
are provided to address 3'@ to 9*" harmonic compensations.
Such methods improve the system performance greatly, but
there is still room for substantial improvements. For instance,
the passive filter scheme may be susceptible to LC parameter
value mismatch due to design or environmental conditions,
which can degrade the efficacy of the trap filters and tend
to occupy large amount of space. Moreover, passive filters
significantly modify the plant transfer function making the

controller design challenging, resulting in poor THD of the
current waveform. Many of these issues can be overcome
by replacing the passive tanks with active shunt filter [7].
In literature such methods are adopted for drives and 50/60
Hz power system applications for both three phase and single
phase systems [8]. Such control methods include synchronous
reference frame based control, three phase P-Q control, single
phase P-Q, and single phase D-Q control. [8], [9], [10],
[11] which in most instances require Phase Locked Loops
(PLLs) and complex transforms making these methods and
control approaches complicated and hard to realize using
simple analog hardware. Moreover, the increased fundamental
frequency (10 kHz) of the system makes it challenging to
deploy these existing methods in HFAC space applications.

To overcome such difficulties in HFAC space applications
a relatively simple control approach for the shunt filter with
a feedback controller has been proposed that can be realized
using analog electronic components. Analog controllers are
preferred for satellite applications, as digital controllers can
contribute significantly to modulation delay compared with
analog controllers for high-frequency applications. The moti-
vation behind the control approach comes from the effective-
ness of the disturbance feed-forward approach used in many
PWM inverter control systems [12]. The contributions of the
articles can be summarized as:

1) a relatively simple control architecture is proposed for
PWM inverter based shunt compensation in HFAC sys-
tems,

2) the robustness of the filter performance is increased com-
pared to the passive filtering method [6] by employing
a closed loop control method in the active filter,

3) the control architecture is kept PLL-less for easy imple-
mentation in space applications,

4) an example of Op-Amp based analog design of the used
controllers is outlined,

5) comparative simulation results are shown to establish the
improvements made over passive filters.

The remainder of the article is organized as follows.
Section-II describes the converter topology and the load cir-
cuits for the system under consideration. The control archi-
tectures of the converters are also discussed in section-II.
Comparative results and dynamic response of the system is



TABLE I
SPECIFICATIONS OF POWER CIRCUIT COMPONENTS AND CONTROL
PARAMETERS
Parameters Value Parameters | Value
Ly 10.5 uH Vbe 70 V
Cy 20 uF kp 105
L; 0.5 uH ki 10
Lgn 10.5 puH kpov 20
Llsh 1 ,LLH k'rv 200
Csh 1.25 nF We 1
CshDC 1 mF Wo 27I'f0
L¢pc 69.91 uH kpush 10
Cspc 40 pF Kivsh 2000
Cpco 2.7426 uF kpor 100
Ry, 1.85 Q Krv i 20
ve(peak) 50 vV We, i 1000
fo 10 kHz \%Y; 60
fs 200 kHz ks 0.1

analyzed in section-III. A discussion on the advantages and
challenges of the proposed system in provided in section-IV.
Lastly, section-V concludes the article.

II. CIRCUIT TOPOLOGY AND CONTROL ARCHITECTURE

We begin by describing the power circuit and the control
architecture. The high-frequency inverter and its control archi-
tecture described in [6] are used; the power circuit and control
architecture are described in what follows.

A. Power Circuit

The power circuit considered in this article for the high
frequency standalone inverter based AC system is shown in
Fig. 1(a). The system consists of a high frequency PWM
inverter to supply the load, a high frequency shunt converter
which is used as the shunt filter, and a diode bridge based
non-linear load. In the sequel we refer to the high frequency
voltage source inverter as primary converter (PC) and the shunt
filter converter as the shunt converter (SC).

The primary converter is a PWM inverter with an LCL
output filter as shown in Fig. 1(a). The parameter values for
the components of the circuit is shown in Table I. The primary
inverter is operated at a switching frequency of 200 kHz. As
described later this inverter is operated as a voltage source
with fundamental frequency (w,) 10 kHz to supply the loads.

The non-linear load is a full bridge rectifier-based load
where the DC load is modelled as a resistor Ry. Depending
on the AC bus voltage and the filter parameters, the rectifier
can operate in continuous or discontinuous mode and draw
approximately square wave or pulsed currents from the AC bus
respectively [5]. In both cases, it demands a significant amount
of harmonic power, which, unmitigated, can cause significant
distortion in the AC bus voltage for an inductive power line.
In this article, a PWM inverter-based shunt compensation is
considered to mitigate this harmonic power.

The shunt converter has a similar topology as the primary
converter with parameters as shown in Table I. The switching
frequency and PWM scheme for this converter is also similar

to the primary converter. It is to be pointed out that the shunt
converter only has a capacitor on its DC side and does not
require a DC power supply. Moreover, since the purpose of
the shunt converter is to supply the harmonic power required
by the load which is typically a fraction of the power supplied
at fundamental power, the rating of the shunt converter can be
much lower compared to the primary converter.

B. Control Architectures:

As mentioned before the primary converter is operated
as a voltage source which regulates the voltage across the
capacitor C'y. To that end, we adopt the inner-current-outer-
voltage control architecture with disturbance feed forward
[12]; the control architecture is shown in Fig. 1(b). The current
controller is a proportional integral (PI) controller with the
transfer function of the form in (1) and the voltage controller
is a proportional resonant (PR) of the form shown in (2).
The controller parameters are shown in Table I with transfer
functions as described below:

ki
Gpi(s):kp—"—; (1)
riywcs
Corl8) = koo ¥ 3 s + o2
= kpv + KR(S)7 @
kivs
Kv(s) = kpusn + s - ©
2krv iWe,iS
K - k vr ) , )
C(S) D + ; S2 + 2Wc,i5 —+ (’LCL)O)2
= kpvr + Z KR,i(S) @
kswos
Gsoci(s) = - ©

52 + kswos + w2’

With the primary converter operating as a voltage source,
the shunt converter is used to primarily inject current at
the PCC and compensate the harmonics demanded by the
load. To control the shunt converter we employ a modified
version of the inner-current-outer-voltage control scheme. The
control architecture is shown in Fig. 1(c). It can be observed
that the inner current controller is employed to control the
current through L. The voltage controller (I'y) architecture
is shown in Fig. 1(d). It is to be pointed out that even though
in this architecture we are implementing current control for the
inductor at the output of the H-bridge, the voltage control loop
is employed to maintain the voltage of the DC link capacitor
by drawing current from the AC side at the fundamental
frequency. In the diagram of Fig. 1(d) the voltage controller
(Ky ) is a PI controller of the form shown in (3) with gains as
shown in Table I. To make sure that the current drawn from
the AC system to maintain the shunt DC capacitor voltage is
at the fundamental frequency and in phase with the voltage
of the capacitor Cjy,, the fundamental component of vy, is
extracted using a SOGI and then multiplied with the output of
the voltage controller. Next, the harmonic components of the
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Fig. 2. Bode plots of closed loop transfer functions: (a) T7(s) (b) T2(s) (¢) T5(s) (d) Ta(s)

measured load current which are extracted using an second
order generalized integrator (SOGI) is added as disturbance

feed-forward to the output of the multiplication block. Owing Va(s) = T1(8)Vyer (5) + Ta(8) Lino (s), (6)
to this feed-forward the system will reject the current distur- Hy(5)Go(5)

bances at the harmonic frequency. In other words, to regulate with, T} (s) := v pr , (7)
capacitor voltage the system will supply the harmonic current sCs + Hi(s)Gpr(s)

to the AC bus. The inner current controller (K¢) shown in Ty(s) = H; -1 ®)
Fig. 1(c) of the shunt converter contains a PR controller with sCy + Hi(5)Gpr(s) ’

multiple resonant peaks. The transfer function of the controller Hi(s) = Gpi(s) ©)

is of the form shown in (4) with parameters as shown in Table-
I where 7 € {1,3,5,7,9}.

As per the previous descriptions of the controller architec-
ture it can be construed that under ideal consitions the primary
converter will maintain the PCC voltage at the fundamental
frequency while the shunt converter compensates the harmon-
ics. In the remainder of this subsection we further substantiate
this argument by analyzing the bode plots of the closed loop
systems. With the controllers designed as discussed before,
the output of the closed loop primary inverter system can be
written as,

5Ly + Gpils)

The bode plots of the closed loop transfer functions are
shown in Fig. 2(a) and (b). It can be observed from bode plot
of T} (s) that the system has 0 d B magnitude i.e. good tracking
at the fundamental frequency. The bode plot of T5(s) depicts
that the system satisfactory disturbance rejection capabilities.

Similarly, assuming that the DC link capacitor is large
enough and its control is slower compared to the current
control, the closed loop current control output of the shunt
converter can be written as
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Ln(s) = T3(8)Lres(s) — Tu(s)Vesn(s),  (10)
K,
Ty(s) = ! (12)

B sLgp + Kc(s)

The bode plots of the above mentioned transfer functions
T5(s) and Ty(s) are shown in Fig. 2(c) and (d). It can be
observed from bode plot of T3(s) that the system has good
tracking (0 dB magnitude) at the concerned system frequency
and at the concerned harmonic frequencies, moreover it has
satisfactory disturbance rejection capabilities.

C. Analog Controller Design Example:

In this study controllers and signal processing units de-
scribed previously are designed such a way that they are
implementable using Op-Amp based analog electronic circuits.
To corroborate this, following shows an example design for
implementing the transfer functions required to implement the
necessary functionalities. The second order transfer functions
required to implement the SOGI and the resonant controllers
can be realized using a Op-Amp based circuit as shown in
Fig. 3(a) [13], [6]. The transfer function of the circuit can be
obtained as

Vol (S) —CRQRShS

‘/inl(s) B 02R2R36R3h52 + 2CRseRsh5 + Rsh + Rse .
(13)

The values of the circuit parameters to implement the
transfer function of (13), for different resonant controllers and
SOGTI are listed in Table-II.

Similarly, the PI controllers and the proportional part of the
PR controllers can also be implemented using the Op-Amp
circuits shown in Fig. 3(b) and Fig. 3(c) respectively. The
transfer function for the circuit in Fig. 3(b) can be written as

VOQ(S) _ le 4 1
Rm2 CmRm23

V:inQ (S )
which is similar to the transfer functions of the PI controller.
In a similar fashion the transfer function of the circuit in Fig.
3(c) can be written as

Vog(S)
V;nS(S)

(14)

Rpa
= — . 15
Ry (15)

The circuit parameter values for realizing the transfer func-
tions of the PI and proportional controllers are shown in Table-
IIT and Table-IV. With the transfer functions implemented
using the Op-Amp circuits, adder circuits can be used to
generate the proper control signals for implementing the
complete PR controllers.

TABLE II
CIRCUIT PARAMETERS FOR DESIGNING RESONANT CONTROLLERS AND

SOGI
Transfer Function | C' (nF) | Rse (kQ?) | Rsp () | Ra (MQ)

Gsoci(s) I 159.15 799.77 0318
Kra(s) 1 25 255.89 1
Kr3(s) i 25 28.1765 i
Kr.s(s) T 25 10.1362 I
Kr.7(s) I 25 51705 I
Kr.o(s) I 25 31276 I
Kr(s) 1 416667 0.2533 1000

TABLE III

CIRCUIT PARAMETERS FOR DESIGNING PROPORTIONAL CONTROLLER

Transfer Function | R,1 (Q) | Rp2 (k)
T 1000 20
kpur 1000 100

III. SIMULATION RESULTS AND COMPARATIVE ANALYSIS

In this section we illustrate the important performance
improvements achieved by using active filtering compared
to the passive filter based system. In addition, the dynamic
performance of the system under changing load is also dis-
cussed. The simulations were performed in Matlab/Simulink
with the circuit and control parameters as shown in Fig. 1 and
Table I using a discrete solver with fixed time-step of 1 ns.
To avoid wind-up problem of the integrator of the DC link
voltage controller of the shunt converter during start-up the
integrator is disabled in the beginning and enabled only after
3 ms of simulation time. To compare the results, two different
simulations were performed with active and passive filters
respectively. The configurations and values of the parameters
of the passive tank filters were taken from [6].

A. Comparative Analysis:

To carry out the comparisons, simulations were performed
separately for both passive and active compensation consider-
ing a DC load of 670 W in each case with other configurations
for the simulations as described above in the beginning of
section-III.

Fig. 4(a) and Fig. 4(e) show the instantaneous current
waveform for the passive and active filtering respectively. It
can be observed that the current supplied by the primary
converter contains much less harmonics in case of the active
filtering. The shunt filter converter along with the implemented
control architecture is able to compensate majority of the har-
monic components as evident from the displayed waveforms.

TABLE IV
CIRCUIT PARAMETERS FOR DESIGNING PI CONTROLLERS

Transfer Function | C), (nF) | Rm1 (M) | Rma (MQ)
Gpi(s) 1 95.24 9.524
Ky (s) 1 5 0.5
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Moreover, it can be observed from Fig. 4(c) and Fig. 4(g) that
the total harmonic distortion of the inverter current is brought
down to 15.68% using the active filter compared to the 57.14%
THD in case of the passive filtering.

Fig. 4(b) and Fig. 4(f) display the instantaneous capacitor
voltage and PCC voltage for the active and passive filtering
respectively. It can be observed that both voltages are improved
by a significant margin in case of the active filter compared
to the passive filter. To quantify the improvements the FFT
of the PCC voltages are shown in Fig. 4(d) and Fig. 4(h)
for the two different filters. It can be observed that the active
filter brings down the THD to 4.79% which is below the 5%
THD requirement in typical applications. This is a significant
improvement compared to the 17.73% THD with the passive
filter.

B. Dynamic Response:

In this subsection the dynamic response of the system with
the shunt active filter due to step change in load is depicted. To
this end the DC side load resistance is changed from 0.925 ()

to 0.74 Q at t; = 0.005 s, and from 0.74 € to 3.7 € at
to = 0.01 s. It can be observed in Fig. 5(b) that due to the
change in load resistance the load current, primary inverter
current, and the shunt converter current magnitudes change.
Fig. 5(a) and (c) shows the magnified visual of the system
response due to load change at 5 ms and 10 ms respectively.
It can be observed that the system response is similar to that
of a first order plant. Fig. 5(d) depicts the response of the DC
capacitor voltage of the shunt converter due the load changes.
Similar to the previous case this response also resembles a first
order plant response. It is to be noted that the DC capacitor
voltage response is much slower compared to the AC side
dynamics, which is a virtue of the controller design criteria
and the larger value of the DC capacitor compared to the AC
side components.

IV. DISCUSSION

This section describes the improvements achieved by em-
ploying the proposed technique and some challenges that may
come up.
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A. Advantages:

The improvements of the shunt active filter based approach

introduced in this article are:

o The proposed method is immune to changes in circuit
component values that may vary dues to, for example,
design imperfection, heating, and age. which the passive
filter based approach may be susceptible to.

o The number of magnetics and capacitive elements were
reduced in the active filtering scheme compared to the
passive filtering scheme, this will lead to space conser-
vation.

o The control scheme for the active filter is developed using
simple transfer functions that can be implemented using
analog components.

o Compared to many existing methods, this method does
not employ PLLs making implementation easier.

B. Challenges:

Some challenges of the active filtering scheme are:

o The involved design process of the controllers and poten-
tial added cost of devices.

e The fundamental frequency of the system is 10 kHz
which is much higher compared to traditional grid fre-
quency. This may lead to complex controller design pro-
cess. Moreover, controlling the higher frequencies may
become challenging due to the fact that these harmonics
start to coincide with switching frequency of the inverter.

o The overlap of the frequency bands presents a bottleneck
for controlling the higher order harmonics. Resonant
controllers at frequencies higher than 9" harmonic can
be added to compensate the higher order harmonics.
But their design becomes more complex due to the fact
that the controlled frequencies start to coincide with and
possibly exceed the switching frequencies.

V. CONCLUSION

This article discussed the improvement of the performance
of a high frequency ac system for space applications by
proposing a relatively simple shunt compensation scheme.
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The compensation scheme stems from the idea of disturbance
rejection by feed-forwarding the disturbance in a feedback
control system. Comparative simulation results are shown and
discussions were made to showcase the superiority of the
proposed method over existing ones. The proposed control
scheme is simple and does not require a PLL and hence can
easily be implemented through analog circuits a requirement
for satellite applications.
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