This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2017.2772811, IEEE

Transactions on Power Electronics

FINAL MANUSCRIPT FOR IEEE TRANSACTIONS ON POWER ELECTRONICS

A Novel Hybrid Modular Three-Level Shunt Active
Power Filter

Yong Wang, Member, IEEE, Jialong Xu, Ling Feng, Student Member, IEEE, Chengmin Wang

Abstract—Shunt active power filters(SAPF) are employed to
improve power quality by injecting compensating harmonic
current. The modular SAPF offers many new capabilities that
are otherwise unavailable by the conventional SAPF, such as
high crest factor compensating current and fast dynamic re-
sponse. However, there are still challenges that are needed to
be addressed, such as resonance and stability issues associated
with the modular SAPF. To investigate these issues, this work
first presents a mathematical model for conventional modular
SAPF system. Based on the mathematical analysis, a new hybrid
three-level modular SAPF is presented that is composed of two
types of modules, each with different current carrying capacities,
LCL filter parameters, and switching frequencies. The proposed
hybrid system provides a wider current tracking bandwidth and
fast dynamic response as compared to the present modular SAPF.
A novel self-adaptive, active damping strategy is proposed that
effectively suppresses resonance and coupling between modules.
Mathematical analysis and experimental results have been used
to verify the proposed system.

Index Terms—SAPF, Modeling, Hybrid, Modular, three-level

I. INTRODUCTION

ITH an increase in penetration of nonlinear loads
W throughout the power distribution system, current har-
monic pollution at the grid side is growing. The increasing
number of higher order harmonics causes a series of problems,
including voltage and current stresses, electro-magnetic inter-
ference (EMI), and power transmission losses [1], [2]. Accord-
ingly, passive and active harmonic mitigation techniques have
been a major focus of research in recent years [3], [4]. Shunt
Active Power Filters (SAPF) are used to mitigate harmonics
at the load end by injecting a compensating harmonic current
equal in magnitude and opposite in phase to that being drawn
by nonlinear loads applied [5]-[9].

Essentially, the SAPF behaves as a grid-tied inverter but
supplies higher order harmonics current with higher current
crest factor and higher current slew rate [10].

The modular or parallel SAPF discussed in [11]-[15] is
an improvement over the conventional SAPF. Given high
crest factor and slew rate of the compensating current it
can produce, the modular SAPF arguably provides the more
effective solution to harmonic distortion in contrast to the con-
ventional centralized SAPF structure. Enhanced performance
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can be observed especially in terms of tracking precision
and dynamic response, since the compensating current evenly
distributed between multiple modules. However, it will be later
demonstrated through mathematical modeling in section II,
that it is difficult for the conventional structure of modular
or parallel SAPF to reach an optimal balance between fast
dynamic response and stable control performance.

The modular SAPF structure is very similar to that of par-
allel inverters. The coupling and resonance between inverters
are major areas of research that have been well addressed
for parallel inverters [16]-[22]. Modeling of parallel invert-
ers, theoretical investigation of resonance, and interactions
between parallel inverters have been discussed in [16]-[18].
It is concluded that the resonance between inverters is greatly
influenced by output filter inductance and grid impedance.
Therefore, conventionally, the resonance is suppressed by the
LCL filter inductance regulation or structure design as those in
[19], [20]. In recent years, active damping has been extensively
investigated to improve the conversion efficiency and current
tracking precision. J. He, et al. have presented active resonance
suppressing strategies by regulating the control laws and
applying grid feed-forward control scheme [21], [22].

Similar to conventional parallel sine wave inverters, the
resonance suppression and control stability are the most im-
portant issues with SAPF. Two simple resonance suppression
schemes are suggested in [14], the first method decreases
repetitive control intensity at the cost of decreased compensa-
tion precision, whereas the second method aims to strengthen
passive damping approach through addition of a damping
resistor at the cost of a higher power loss. Similar issues
have been addressed in [15] for parallel SAPF which shows
that increasing the inductance and decreasing the proportional
gain in PR controllers is effective to suppressing resonance
conditions.

The hardware structural features and dynamic response
capabilities of SAPF are not fully discussed in [11]-[15], in
which modular or parallel SAPFs have been essentially treated
as parallel sine wave inverters. The resonance suppression
methods developed for SAPF are limited to passive damping
schemes. However, it should be noted that harmonic compen-
sating current error tracking of SAPF differs notably from
the output error tracking of conventional sine wave inverters,
especially in terms of stability and dynamic response. The
presence of higher order harmonics up to the 50" order in
SAPF output translates into a higher crest factor in current.
Therefore, the SAPF requires faster dynamic response and
greater control bandwidth. Due to the above mentioned issues,
the filter inductance for SAPF is usually designed to be
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much less than that of a conventional sine wave inverter. The
lower filter inductance poses a greater risk of the resonance
condition between parallel SAPF modules whilst also reducing
the margin for resonance suppression by active and passive
methods.

Given their fundamental differences from the parallel sine
wave inverters, it is more difficult to arrive at a tradeoff
between resonance suppression and dynamic response ability
in modular SAPFE. Therefore, neither of the active or passive
resonance suppression methods can be directly utilized from
conventional inverters as shown in [19]-[22].

This paper presents capabilities to address aforementioned
issues associated with modular SAPF. First, a simplified math-
ematical model for a generalized three-level modular SAPF
that includes a current controller, grid impedance, and active
damping schemes is developed. Based on the mathematical
analysis, we further propose a hybrid three-level modular
SAPF system that is composed of two kinds modules with
capacities of 100A and 50A, respectively. The SOA module has
lower LCL filter parameters and higher switching frequency
to compensate harmonics of orders higher than 13", and the
100A module has larger LCL parameters and lower switching
frequency to address the harmonics of lower order. Last, a
novel self-adaptive active damping strategy is proposed and
implemented for the modular SAPF to suppress resonance
current between modules. The mathematical analysis and
test results demonstrate that the proposed resonance control
strategy can improve the compensating bandwidth and stability
along with fast and precise harmonics tracking ability.

II. MODELING OF THREE-LEVEL MODULAR SAPF
A. Modeling of a single three-level SAPF

SAPF is essentially a controlled current source with output
current feedback control. Every SAPF module is connected to
the grid through a LCL filter as shown in Fig.1. Ly, Lo, C,
and L, represent SAPF side inductor, grid side inductor, filter
capacitor, and grid impedance, respectively.
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Fig. 1. General structure of three-level SAPF

The control scheme of a single SAPF is shown in Fig.2.
Although the reference current can be contributed by harmonic
currents, reactive power, and unbalance(negative and zero se-
quence components) in the load, this paper mainly focuses on
harmonic currents compensation. Harmonics are obtained by
the selective harmonic detection algorithm based on Discrete
Fourier Transform(DFT). I,.. s represents the reference current,

ug(s) is the grid voltage and E/(s) is the feed-forword value
of ug4(s). The feedback control of the current loop is realized
in A-B-C axis by a repetitive controller in parallel with a PI
controller.
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Fig. 2. Control diagram of modular SAPF

According to the control diagram in Fig.2, the transfer
function of the output current to the reference current reads.

I,(s) = {PIR(5)Gaelay(8) I er(s) — [s*L1C1+
sC1PIR(5)Gdetay(s) — Gaetay(s) + 1]1E(s)}/ (D
[s°C1(La + Ly)PIR(8)Gaetay(s) + s(L1 + Lo + Ly)—
8Ly Gactay(s) + PIR(8)Gaelay(s) + s°L1C1(La + Ly)]

where I, (s) represents output current, PIR(s) is the transfer
function of the PI and the repetitive controller used, and G geiay
represents the delay due to system sampling, calculation and
transmission [23].

Fig.3 shows the simplified, single three-level SAPF model
proposed in this paper used to construct the modular system.
The impedance averaging model and small signal lineariza-
tion techniques have been used considering the difference
of SAPF from the sine wave inverter models as presented
in [24], [25]. The proposed model can be divided into two
parts: the current source inverter and the grid. The current
source inverter is composed of the reference current I,..f(s),
filter impedance Zr(s) and parallel output impedance Zy(s)
introduced through feedback control. The grid is described by
grid EMF E(s), and grid impedance Z(s).

Zg(s)

Ig(f)
ZF(s)

2O ORIES i

E(s)

Fig. 3. The proposed single SAPF model in this paper

Based on the equivalent model and the superposition theo-
rem, the output current I,(s) of a single SAPF can be written.
I (S) _ ZI (S)ITef(S) - E(S)

! Z1(s) + Zr(s) + Zg(s)

(@)
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Z1(s) and Zp(s) can be obtained by solving Egs.(1) and
2):
PIR(S)Gdelay(S)

Z =
1(8) 52L1C1 + sC1PIR(5)Gaelay(s) — Gaelay(s) + 1

3

7 (S) _ S3L101L2 + 8(L1 + Lz) —+ 8201L2P1R(8)Gdelay(s)
F n s2L1Cy + SC1PIR(S)Gdelay(S) . Gdelay(s) +1

“

B. Modeling of parallel three-level SAPF system

Based on the model derived for a single three-level SAPF,
the structure and model of the modular SAPF system can
be obtained as shown in Fig.4. Each SAPF module has an
independent controller, DC bus, and LCL output filter. For
example, the transfer function of SAPF #1 can be obtained
using Kirchhoff’s current law and the superposition theorem
as shown in Eq.(5).

N
Iy 1(8) = Gp(s)Iref_1(s) + Z GN(8)res_n(s) + Ge(s)E(s) (5)

n=2

where N is the number of parallel units. There are three
components in Eq.(5) denoting three stimulating sources from
the modular system, which are: current reference of SAPF
#1 represented by I,.r 1, current references of other parallel
SAPF represented by I,..¢ n, and grid voltage represent by
E(s). Gp(s), Gn(s) and Gg(s) represent transfer functions
of these three stimulating sources to I, ;(s), respectively.

P ) 29 Z6)

Ly A5) Z(s) e

(a) (b)
Fig. 4. Parallel structure of modular three-level SAPF

Fig.5 shows the equivalent circuits when SAPF 1# is excited
by the three different sources mentioned. According to the
superposition theorem, these three can be treated separately
as shown in Fig.5(a), (b), and (c). Fig.5(a) is the equivalent
circuit model excited by I,..; 1. The remaining (N —1) SAPFs
are treated as (IV — 1) impedances in parallel: Zp(s)/(N —1)
and Z;(s)/(N — 1). Fig.5(b) shows the equivalent circuit
model excited by E(s), wherein, all SAPF are regarded
as impedances. Lastly, Fig.5(c) shows the equivalent model
excited by I,..; n. The impedance of remaining (N — 2)
parallel inverters is Zp(s)/(N —2) and Z;(s)/(N — 2).

From the equivalent circuits shown in Fig.5, Gp(s), Gn(s)
and Gg(s) are derived as following:

(o) — ZHNZI(E) 4 Ze(s) & (N )2, (5)]

Z1(5) + Ze ([ Z1(s) + Ze(5) + NZy(s)] ©

3

L 2y ZONND
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Dot 169) Z0) P20) =
\
27 Zi(s) Zg(s)
Zi(s)/(N-1)
(a) stimulated by Irer 1
Ig N(S)  Zi(s
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Fig. 5. SAPF #1 stimulated by three sources

_ ~71(5)Z,(5) ;
N = 2+ 20N Zi0s) + 26(5) + NZ, ()]
Gp(s) = ! ©)
T Z0(s) + Ze(s) + NZy(s)
If each SAPF has the same output current, we obtain
Liep 1(8) = Lreg 2(s) = -+ = Lref_n(s) )

Iy a(s) =

Gp(8)Ires 1(8) + (N = 1)GN(8) I ef_n(s) + Gr(s)E(s)

— ZI(S)Iref_l (5> — E(S)
Z1(s) + Zr(s) + NZy(s)

Comparing Eq.(10) against Eq.(2), it can be found that
for a specific SAPF, such as aforementioned SAPF #1, the
increase in the number of SAPF connected in parallel causes
the equivalent grid impedance to increase by N times. This
can be confirmed readily by the modeling circuit in Fig.6.
Given same parameters for LCL filter and control algorithm,
the output impedance Zp(s) of every SAPF module is the
same. Each SAPF module is connected at the point of common
coupling(PCC) with grid impedance Z,(s). As shown in
Fig.6(b), Z4(s) can be treated as N fractions of N - Zy(s)
in parallel. Since output current of each SAPF is the same,
PCC can be shifted to the right as shown in Fig.6(c). Zr(s)
and N - Z,(s) are then connected in series as shown in
Fig.6(c). Thus, it can be clearly shown that the equivalent
grid impedance of IV parallel SAPF systems is increased by
N times.

Given the discussion above it is explicit to understand
that the resonant peak of the transfer function of a SAPF
module shifts towards left when the number of paralleled
SAPF increases as shown by the Bode plot in Fig.7. The phase
plot in Fig.7 shows that system stability margin decreases with
increased N, which poses a greater challenge to the control
bandwidth margin and resonance suppression of conventional
modular SAPF.

Unlike sine wave grid-tied inverters, SAPF injects high
frequency harmonic current ranging from 150Hz to 1500Hz as
shown by the shaded area in Fig.7, rather than the fundamental

(10)
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Fig. 6. Modeling of modular SAPF
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Fig. 7. Bode diagram of Iy (s)/I.c¢(s) with different grid impedance

sine wave component. For the conventional modular SAPF, as
the frequency of resonant peak decreases while the number
of modules N increases, the frequency band of compensating
current will come very close to the resonant peak. The stability
margin also drops and resonance tends to occur. Moreover, it
can also be seen from Fig.7 that the control bandwidth is no
longer sufficient for high order harmonics compensation for an
increased N. Finally, in the conventional modular SAPF with
the same filter inductance and control parameters, a tradeoff
between the dynamic response and the stability control is
difficult to obtain either by passive components design or by
active damping control. This is the challenge that the present
effort aims to fundamentally address.

III. LCL FILTER DESIGN,RESONANCE ANALYSIS AND
SELF-ADAPTIVE ACTIVE DAMPING FOR HYBRID MODULAR
THREE-LEVEL SAPF

Based on the generalized modeling of modular SAPF and
understanding of their limitations, a novel hybrid modular

three-level SAPF is proposed in this paper. The hybrid system
combines larger capacity modules and smaller modules. Larger
capacity modules have higher LCL filter values and lower
switching frequency while smaller capacity modules have
lower LCL filter values and higher switching frequency. The
design aims to compensate the lower order harmonics and
higher order harmonics individually. In the proposed hybrid
system, the conventional SAPF compensating band as shown
in Fig.7 is divided into high and low order bands. Such a
design using different LCL filter parameters for two compen-
sating bands allows more room to achieve tradeoff between
the dynamic response and the system stability control. Next a
modular SAPF LCL filter design method and a modular system
resonance analysis will be presented, followed by a novel self-
adaptive active damping strategy for hybrid modular SAPF.

A. LCL design of modular SAPF

Given the modular SAPF capabilities and limitations re-
vealed in section II, a design method for the SAPF passive
filter must be developed. A step-by-step procedure to design
the LCL filter for a modular SAPF is proposed as follows:

« First the inverter side inductance L; is designed in order
to limit the current ripple generated by the SAPF within
10% rated compensating current [26], [27];

o The acceptable level of the reactive power to be absorbed
by the filter capacitor under rated conditions is selected,
and this determines the capacitor value [26];

e The overall inductance of inductors installed should be
limited to well below the 10% of the base impedance;

e As shown from the modeling analysis in section II, the
equivalent grid side inductance changes with the parallel
number of modules;

e Minimize the filter volume by using lower inductances
and higher capacitances. This is due to the fact that SAPF
compensating current causes higher voltage drop than the
grid tied inverter;

o The resonance point should be higher than that for the
sine wave grid-tied inverters because SAPF’s compensat-
ing band is wider;

o Last the current variation rate generated by the SAPF
should be greater than the expected current. This can be
expressed by:

Uge — 1.1U,
I,
where Uy, and I, are the SAPF dc link voltage and com-

pensating current, respectively, which imposes another
limitation to the converter side inductance.

L< (1)

B. Resonance and stability analysis of hybrid modular three-
level SAPF

To investigate the tracking and resonance issues among
modules of different capacities, simplified equivalent circuit
models can be derived from Fig.5. Fig.8(a) shows a simplified
model for the larger SAPF module #1 and Fig.8(c) shows
simplified model for the smaller SAPF module #2.

0885-8993 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2017.2772811, IEEE

Transactions on Power Electronics

FINAL MANUSCRIPT FOR IEEE TRANSACTIONS ON POWER ELECTRONICS

In Fig.8(a) and (c), X represents the number of larger capac-
ity modules and Y represents the number of smaller capacity
modules. The #1 and #2 converters stand for one larger and
one smaller capacity modules, respectively. The other (X — 1)
larger capacity modules and (Y — 1) smaller capacity modules
can be simplified as impedances. Based on this simplification,
we can get the bode diagram of I, 1,(s)/Ircs_r.(s) shown in
Fig.8(b), where (X — 1) larger capacity module impedance,
Y smaller capacity module impedance and grid impedance
are plotted. The compensating current of #1 SAPF with a
bandwidth ranging from 150Hz to 650Hz, is divided by the
impedance of the grid, (X —1) SAPF with larger capacity and
Y SAPF with lower capacity. It can be observed that within
the compensating band under 13*" order, grid impedance is
much smaller than the impedance of (X — 1) SAPF and Y
SAPF. The compensating current is mainly injected into the
grid. It is clearly shown that the compensating current band
of SAPF #1 is far from the resonance peak and provides
sufficient control bandwidth. Therefore, it allows more space
to tradeoff between the compensating dynamic response and
stability control.
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Fig. 8. Equivalent circuit and bode diagram of the hybrid parallel SAPF

For SAPF #2, the smaller capacity module injects com-
pensating harmonics higher than the 13t* order, i.e., from
650Hz onwards. As shown in Fig.8(d), the Bode diagram of
I, 5(8)/Ies s(s) shows that smaller LCL parameters design
push the resonant peak higher and creates sufficient control
bandwidth for high order compensating current. In contrast
to the conventional modular SAPF in Fig.7, Fig.8(d) shows
that the modular SAPF enables greater margin and bandwidth
to tradeoff between dynamic response and stability control.
Moreover, the higher switching frequency and low induc-
tance further improve the current tracking response ability.
According to the compensating band for SAPF #2, the grid
impedance is relatively large, but X SAPF is designed with
higher LCL parameters. Therefore, grid impedance is still
much smaller than the impedance of X SAPF. Further, the
higher order harmonic components are usually smaller in
magnitude, and hence, fewer lower capacity modules, possibly

one or two, is required. In short it can be concluded that the
compensating current mainly flows into the grid.

It should be noted that in the hybrid system proposed in
this paper, the dynamic response and the stability control are
not only balanced by passive filter design but also controlled
by active damping. Therefore, the resonance does not need to
be suppressed further by the controller gain regulation as that
in [14], [15] which compromises current tracking precision.

In this paper, to achieve fast current dynamic response
and salient stability control, a novel self-adaptive resonance
suppressing strategy is then proposed for the hybrid paralleled
system.

C. Limitations analysis of conventional resonance damping
methods and the novel self-adaptive active damping for hybrid
modular three-level SAPF

Although LCL filters can better meet grid interconnection
standards with significantly smaller size and cost, they also
trigger resonance between the inverter and the grid. An active
or a passive damping measure is usually adopted to suppress
possible resonances. In case of modular SAPFs, an active
damping method produces better results.

The active damping method proposed in [27] is widely used
in the grid-tied inverter, which introduces the capacitor branch
current as the feedback quantity to enhance the damping effect
of the system. However, in the method described in [27], the
damping feedback control coefficient K is fixed neglecting
the grid side impedance, and the converter side inductance
may vary. Consider the example where the converter side
inductance varies, if K is always fixed when the inductance
lowers due to the change in load current, the system stability
margin shrinks as shown in Fig.9(a). As shown in Fig.9(b),
with an increased number of modules N in parallel, grid
impedance grows to N - L,. The resonant frequency of the
SAPF system shifts towards the left and the stability margin
of the SAPF system decreases.

As shown from the modular SAPF modeling, the equivalent
grid impedance varies widely due to the number of modules
connected. Furthermore, the converter side inductance also
changes dramatically due to the high crest factor of compen-
sating current in contrast to conventional sine wave inverter.
Therefore, the method in [27] cannot be directly employed.
Instead, we proposes a novel self-adaptive active damping
for the hybrid SAPF. In this method, K is not fixed but
obtained through optimization on the modules number, and
more importantly, the instant inductance determined by the
compensating current.

The novel self-adaptive active damping method based on
capacitor branch current feedback for the hybrid modular
three level SAPF is shown in Fig.10. The new strategy
features a variable active damping coefficient K’ for different
values of N and different values of compensating current. Its
corresponding control diagram is shown in Fig.11.

In this paper, only the inductor current tracking reference
is discussed, F(s) representing the grid voltage behaves as a
disturbance and is considered to be zero when analyzing the
resonance and stability of hybrid modular three-level SAPF.
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50 T open loop transfer function of the system can be given by.
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Fig. 9. (a)Frequency characteristics with different output current

a decrease in £, the overshoot increases and the response
time decreases. On the other side, with the increase of
¢, the overshoot decreases, but the system response slows
down. According to the control theory, when damping ratio
equals to 0.707, the system overshoot is moderate and the
regulation time is short, where the system is at the best
damping condition. In SAPF applications, at the point of
& = 0.707, the hybrid SAPF system can reach an optimal

(b)Frequency characteristics with different number of parallel units

tradeoff between resonance suppression and time response.
: - Therefore, the optimum damping ratio of the second order

l | L of oscillation loop is choosen as £ = 0.707.
SPWM ) (Variable X Fedback Take & = 0.707 and substitute Eq.(14) into Eq.(15), we can
t (PLand ) Ly attain the expression of the optimized feedback coefficient K.
Eebuke K 204 (LY + Ly + L) 16)

(Ly + Ly)Cq

Fig. 10. Controller design with proposed self-adaptive active damping
Further analysis of Fig.11 indicates that the system stability

is primarily determined by the feedback coefficient K”. Fig.12
shows the generalized root locus of (12) with different K’.

[Vfl.i(x) PI + Repetitive - Grid EMF . .
7 i o[ g v — The stable range of K’ is from 0.714 to 11. Therefore, in our
DFT Lo (5) & 11 (5) PIRG) T 1 , c
Algorithm | -3 26 oL | system, to ensure K’ calculated by (16) is in a reasonable
L) G, 'C 4 range, we constrain the feedback coefficient K’ as follows
“’—l’_{s - - |——>1y ©)
- 0.714 K' <0.714
Fig. 11. Novel self-adaptive active damping strategy ’_ 2L (L +Ly+LY) ’
K = (I 0.714 < K' < 11 17)
11 11 < K’

The proposed novel self-adaptive active damping control
Therefore neglecting E'(s) and the effect of Ggeiay(s), the method for the hybrid modular three level SAPF can be used
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Fig. 12. The generalized root locus of (12) with different K’

not only in industrial applications where variable loads are
connected to the system, but also, the scenarios where there
is interaction of multiple SAPF systems connected to a weak
power grid, and an increased stability margin is required for
the stability of SAPF system.

IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation results

Influence of the inductance and the change in the module
number on the system stability margin is illustrated in Fig.9
with a constant damping feedback coefficient K. In order
to interpret it explicitly, we carry out two simulations in
MATLAB/Simulink.

Fig.13 shows the simulation results for three SAPFs in
parallel operation with the load current tripled at ¢ = 0.16s.
The filter inductance is adjusted according to the change of the
output current at t = 0.16s, while the feedback coefficient K
of active damping is kept constant. We can see from the results
that before ¢ = 0.16s, the hybrid SAPF system with two larger
units and one smaller units compensates the harmonics well.
The load current and output currents tripled at ¢ = 0.16s,
and therefore the inductance decreases. However, due to the
unchanged feedback coefficient K, resonance occurs in the
system. This is in accordance with the decrease in stability
margin in Fig.9(a).

In Fig.14, the operating condition is the same as described
in Fig.13 before ¢ = 0.16s except that the inductance is set
as a constant value. After ¢ = 0.16s, load current doubles
and we turn on another three SAPF units, which means that
the parallel units number N increases from 3 to 6. System
resonance occurs similarly because of the unchanged K. The
simulation results again match the conclusions derived from
Fig.9(b).

B. Experimental results

The hybrid SAPF system as shown in Fig.15 is also
implemented to verify the proposed design and resonance
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Fig. 13. Simulation results of output current increase with three SAPF in
parallel operation
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Fig. 14. Simulation results of parallel units increase with six SAPF in parallel
operation

suppression strategy. The larger module power rating is fixed
at 100A aiming to compensate the low order harmonics less
than 13*" order, and the smaller S0A module compensating
the high order harmonics higher than 13*" order. The main
parameters are listed in Tab. L.

The main circuits are shown in Fig.16. 100 A Infineon
three-level power module F3L100RO7W2E3 is chosen for
50A smaller module. Two F3L100R0O7W2E3 are connected in
parallel to serve as the 100 A larger power module as shown
in Fig. 16(b).

Fig.17 and Fig.18 show the self-adaptive damping test

0885-8993 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2017.2772811, IEEE

Transactions on Power Electronics

FINAL MANUSCRIPT FOR IEEE TRANSACTIONS ON POWER ELECTRONICS

i

50A Module #3100A Module #2 1904 Modu

Fig. 15. Hybrid modular three-level SAPF prototype

TABLE I
PROTOTYPE AND THE EXPERIMENTAL PARAMETERS

Item Value
Grid frequency 50Hz
Switching frequency(100A,50A) 20kHz,40kHz
Phase voltage(RMS) 230V
DC voltage 800V

100A module LCL
50A module LCL
IGBT module

800/4pH, 20uF, T5uH
200/2uH, 10pF, 50pH
F3L100R0O7W2E3

alalals
[alala

L~
-~

A

(b

Fig. 16. (a)5S0A module topology (b)100A module topology

results. In Fig.17, Channel 1 and 5 are load current and grid
current, respectively. Before ¢ = 32ms, #2 SAPF (100A)
and #3 SAPF (50A) are in stable operation using traditional
active damping method as shown by Channel 2, 3 and 4. At
t = 32ms, #1 SAPF (100A) starts its operation as shown
by Channel 2 using traditional active damping method. It can
be observed from the waveforms that the traditional active
damping method with a fixed damping feedback coefficient
fails to effectively suppress resonance because the number of
parallel modules N changes. After ¢ = 64ms, the modular
system starts to operate with the proposed self-adaptive active
damping method, and the resonance is well suppressed.
Fig.18 shows the test results with a change in load current.
Channel 2, 3 and 4 show the compensating currents of #1
SAPF(100A), #2 SAPF(100A), #3 SAPF(50A), which are
stable before ¢ = 32ms using traditional active damping.
However, with load doubled at ¢ = 32ms, resonance starts
to appear in modular system. At ¢ = 64ms, the proposed self-
adaptive active damping is applied to the system and resonance

[. Load iu ie}nt__l"‘-\.L
[#1 Larger Moudle Compensating Currenty \JAQJW
#2 Larger Moudle Ccmpegsating Current

#3 Smaller Moudle

- 16ms

@ so00n 200A 200A 20A [ s00A

Fig. 17. Compensating current of hybrid modules with different damping
methods

disappears. This is because the feedback coefficient now varies
with change in load current. Therefore, the resonance is
suppressed, rendering the system stable.

Load Curfent

#1 Larger Moudle Compensating Current

#2 Larger Moudle Compensating Current
[#3 Smaller Moudle ing Current i
N

Grid Current

[ | N 150A [ 1507 (KB 0 @B 600~ [« ST

Fig. 18. Compensating current of hybrid modules with load change

It can be concluded from Fig.17 and Fig.18 that with a fixed
feedback coefficient K, resonance occurs when inductance
or parallel number N change. These experiment results are
consistent with the analysis in Fig.9 and the simulation results
in Fig.13 and Fig.14.

Fig.19 shows the compensating currents of S0A module
and 100A modules in parallel using the self-adaptive damping
technique together with the spectrum of grid current before
and after compensation. From Channel 1 to Channel 5 are: 1)
the load current; ii) modules #1 and #2 (100A) compensating
current; iii) module #3 (50A) compensating current, and iv)
the grid current after compensation. This result shows that the
50A module has fast dynamic response since it has lower LCL
parameters and higher switching frequency. The THD of grid
current is 27.13% before the compensation and 4.89% after.

V. CONCLUSION

This paper improves upon the conventional modular SAPF
mathematical models to investigate tradeoffs between dynamic
response and stability control. According to the analysis results
obtained from the model, a novel hybrid modular three-
level SAPF structure is proposed. In contrast to previous
methods, the proposed system is composed of two modules,
each with different current carrying capacities, LCL filter
parameters, and switching frequencies. Finally, a novel self-
adaptive resonance suppression strategy is proposed to take
into account the variations in the number of modules and load
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current. Theoretical analysis and experimental results confirm
that the hybrid modular SAPF and its self-adaptive resonance
suppression strategy can achieve a better tradeoff between
dynamic response and stability control as compared with the
conventional modular SAPF. The proposed system may be

use

d in industrial applications, in particular for power quality

improvement in weak power grids.
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