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Abstract

For high power photovoltaic (PV) grid-connected converters, high order filters such as multi-tuned filters and Traps+RC filters
with outstanding filtering performance have been widely researched. In this paper, the optimization of a multi-tuned filter with a low
damping resistance and research on its corresponding control scheme have been combined to improve the performance of the
proposed filter. Based on the characteristics of the switching harmonics produced by PWM, the proposed filter is optimized to
further improve its filtering performance. When compared with the more common Traps+RC filter, the advantages of the proposed
filter with low damping resistances in attenuating the major switching harmonics have been demonstrated. In addition, a simpler
topology and reduced power loss can be achieved. On the other hand, to make the implementation of the proposed filter possible, on
the base of the unique frequency response characteristic of the proposed filter, a digital single-loop control scheme has been
proposed. This scheme is a simple and effective means to suppress the resonance peak caused by a lack of damping. Therefore, a
smaller volume, better efficiency of the proposed filter, and easy implementation of the corresponding control scheme can be

realized. Finally, the superiority of the proposed filter topology and control scheme is verified in experiments.
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I. INTRODUCTION

Recently, high power grid connected photovoltaic (PV)
three-phase Voltage-Source Converters (VSCs) have attracted
a lot of attention since they are essential for PV power plants
[1]. Large amounts of high frequency switching harmonics are
produced in the PWM process, which is widely adopted for PV
three-phase converters. Because of their good high frequency
attenuation performance, LCL filters and other filters with
branches have been widely applied as the passive filter
between VSCs and the utility grid [2], [3]. However, when
compared with regular DC/AC converters, there are stricter
restrictions on the output filters of high power photovoltaic
grid-connected converters due to their operating features. The
major restrictions are outlined as follows. 1) Since the
structure of high power photovoltaic grid-connected converters
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is mainly single-staged for better efficiency, the DC link
voltage varies under the influence of MPPT, which changes
the distribution of the high frequency switching harmonics.
To comply with the distortion limits on current harmonics
specified by IEEE regulations in different cases, better
attenuation performance for the switching harmonics of the
filters is required. 2) High power PV grid-connected
converters usually operate at a relatively low switching
frequency (2kHz-4kHz), which leads to the low frequency
harmonic currents being injected into the grid. In such cases,
the output filters, which are based mainly on inductance,
could not perform well in attenuating these harmonics [4].
3) The stability of a grid-connected converter system is
difficult to achieve with an active damping method, due to
the relatively long digital delay caused by a low switching
frequency [22]. When a passive damping method is applied,
relatively high damping resistances in branches are required
to guarantee system stability, which increases the total power
loss of the system. Restrained by the above restrictions, for a
high power PV grid-connected converter, large inductance
and volume are required for the output filter to ensure
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sufficient filtering performance [4]. In addition, the efficiency
of the PV system is obviously decreased. The cost of the filter
inductance is around 20% up to 30%, while the volume of the
passive components is from 30% up to 50% of the whole
converter system [5]. Therefore, a filter topology which can
better filtering performance with a
inductance and volume is necessary for high power PV
three-phase grid-connected converters.

A multi-tuned filter, with 2 or 3 paralleled LC traps instead
of the capacitor branch of a LCL filter, has already been
proposed based on a LCL filter [6]. Since the switching
harmonics mainly centralize around the switching frequency
(f) and its multiples (nf;) [7], by introducing the LC trap
branches, much better harmonic attenuations can be achieved
for multi-tuned filters on these harmonics when compared with
a LCL filter. Thus, the inductance and volume of the passive
filter can be further reduced. However, for multi-tuned filters,
the damping resistor in each of the LC trap branches severely
weaken the harmonic attenuation capability around f; and #f.
Thus, a filter topology derived from a multi-tuned filter, named
2Traps+RC filter, was proposed in [8]. By inserting an
additional RC branch in parallel with the LC branches and
removing the damping resistors of the LC branches, the
resonance of the 2Traps+RC filter is properly damped by the
resistor of the RC branch. In addition, good harmonic
attenuation performance around f; and 2f; can be guaranteed.
Similar Traps+RC filter topologies have been proposed and
compared in [9], and optimization methods for these filters to
achieve better harmonic attenuation performance and reduced
power loss were studied in [10]. However, although the design
of the filter topology is closely related to the study of the
control scheme, there are few researches on the control
schemes for these high order filters. Common control schemes
for these filters are mainly based on a Pl or PR controller in the
s-domain [11], [12]. However, for these control schemes,
deviations between the real model and the established control
model are obvious when applied in high power PV converters
with a low control frequency. In addition, the stability of the
control schemes is highly dependent on the damping resistance
of the filter.

In this paper, an improved multi-tuned filter topology for
high power grid-connected PV converters based on the control
scheme design is proposed. Based on the characteristics of the
switching harmonics produced by PWM, the parameters of a
multi-tuned filter with a low damping resistance, especially the
stages of the proposed filter and the damping resistors in the
LC traps, are optimized. The improved filter is characterized by
its enhanced general harmonic attenuation performance for
switching harmonics, simpler topology and reduced power loss,
when compared with the more common Trap+RC type filter.
On the other hand, considering the frequency response
characteristic of the proposed topology, the impact of the
resonance peak on system stability is settled with a digital
control scheme. In terms of the digital single-loop control

achieve smaller

scheme for a LCL filter [13], [14], a single-loop controller
based on grid side current feedback for a multi-tuned filter,
which effectively suppresses the resonance peak, is designed.

To highlight the superiority of the improved multi-tuned
filter and the corresponding single-loop control scheme, the
rest of this paper is organized as follows. Section II explains
the improvements to the multi-tuned filter topology in detail,
and analyzes the filtering performance of the proposed filter by
means of a comparison. In section III, a single-loop controller
with grid current feedback for the proposed filter is concretely
designed. In Section IV, comparative experiments are carried
out to validate the excellent harmonic attenuation of the
proposed filter and the feasibility of the proposed control
scheme.

II. IMPROVEMENTS OF THE MULTI-TUNED FILTER

The proposed filter topology in a PV VSC system is shown
in Fig. 1, which consists of a grid coupling inductor, L, a
ripple inductor, L;, and RLC shunt traps between them. This is
similar to the conventional multi-tuned filter in [6]. To
enhance the filtering performance of the multi-tuned filter 0+
and facilitate the implementation of the corresponding control
scheme, the improvements in this paper mainly focus on the
three aspects. 1) Selection of the series resistor in the LC
traps. 2) Optimal number of LC traps. 3) Selection of the
location of the resonance peak. The design principles for the
high order filters in [15], [16] can be used for the rest of the
design of the improved multi-tuned filter.

A. Selection of the Series Resistor in LC Traps

For the conventional multi-tuned filter, a large damping
resistor restrains the harmonic current absorption quantity of
the LC traps. Thus, the quality factor Q of the LC traps is
limited to be lower than 2. Meanwhile for the low voltage
applications of LC traps without extra damping, the O factor
is usually set between 10 and 60 [17]. However, a higher Q in
LC traps, especially when several LC traps are paralleled,
may cause potential resonance due to grid-side events such as
faults or tap change situations. Therefore, the Q factor is
chosen around 10-20 for security purposes. This is done at
the cost of the certain decrease in terms of harmonic
attenuations.

By setting the Q factor around 10-20, there are much better
harmonic attenuations around the switching frequency (f;)
and its multiples when compared with the conventional
multi-tuned filter, which is shown in Fig. 2. In addition,
thanks to the reduction of the damping resistors in the
branches, improvement in the efficiency of the PV VSC
system can also be expected.

B. Optimal Number of LC Traps

The number of LC traps is set at 2 or 3 for the conventional
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Fig. 1. PV VSC system with a single-phase equivalent circuit of
the improved multi-tuned filter topology.
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Fig. 2. Bode diagrams of the transfer function /g (s)/Ui (s) of the
conventional and improved multi-tuned filters.

multi-tuned filter in [6]. To further optimize the number of
LC traps, AM-F curves of the compared multi-tuned filters (2
LC traps and 3 LC traps) with limits on the harmonic
attenuations are analyzed in Fig. 3(a). It is shown in Fig. 3(a)
that the harmonic attenuations required to meet IEEE
regulations are mainly centralized around nf; (n=1,2,3...).
The LC traps aimed for harmonics at around nf; (#=1,2,3...)
largely strengthen the attenuation performance around these
frequencies and maximize the advantage of tuned-type high
order filters.

To intuitively compare the harmonic attenuation
capabilities and to optimize the number of LC branches, the
magnitude margins for the dominated harmonics of both
filters to satisfy IEEE regulations by theoretical calculations
are shown in Fig. 3(b). With the help of a grid coupling
inductor L, and a ripple inductor L;, large enough magnitude
margins can be guaranteed at around 3f; and higher frequency
bands for multi-tuned filters with 2 LC traps. Multi-tuned
filters with 2 LC traps provide better harmonic attenuations at
around f; and 2f;, where most harmonic attenuations are
required. In addition, they also guarantee large enough
magnitude margins for other harmonic bands. By referring
to the “cask principle” in evaluating general filtering
performance, multi-tuned filters with 2 LC traps provide
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Fig. 3. Filtering performance comparison when the number of
LC traps is 2 and 3: (a) AM-F curves of the compared
multi-tuned filters with limits on the harmonic attenuations; (b)
theoretical magnitude margins for the dominated harmonics of
both filters.

more balanced harmonic attenuations at around the dominant
harmonic bands, which is a better choice. On the other hand,
broader attenuation bands at around f; and 2f; can be
guaranteed in case of a parameter drift as shown in Fig. 3(a).
The reduction of a LC trap also simplifies the topology
structure of the proposed multi-tuned filter. Thus, the optimal
number of LC traps is fixed to 2 in this paper.

C. Selection of the Location of the Resonance Peak

There are two resonance peaks for the proposed filter as
shown in Fig. 2: f. lower than f, and f,.,, between f; and 2f..
The locations of the resonance peaks affects the filtering
performance of the proposed filter and the digital control
strategy. f,.,1 is assumed to be placed in a range between 10f;
and 0.5f; to avoid oscillations and harmonic amplifications.
Thanks to the outstanding attenuation characteristic of the
proposed filter at around f; and f;.; could be set more close to
0.5f;. In this paper, f., is set between 1/3f; and 1/2f; to
guarantee the application of the proposed control scheme, and
Jres2 18 placed at around 1.5f; to limit the harmonics around f;
and 2f;. Estimations of the resonance frequencies of the
proposed filter with their limitations can be shown in (1) and

2):
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Fig. 4. Filtering performance comparisons of the proposed filter
and other common high order filters: (a) AM-F curves of the
compared filters with limits on the harmonic attenuations; (b)
theoretical magnitude margins for the dominant harmonics of the
compared filters.
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The similar algorithm in (1) can be used here to optimize
the relationship between the parameters of the inductor and
capacitor of the proposed filter. The derived overall transfer
function GUi — (s) of the improved multi-tuned filter is
presented in equation (3) (the derivation can be seen in
Appendix A).

4 3 2
as +bs +cs +ds+e
GU - I(s) = - . — 3)
& +gs +hs +is + s

where a=C,C,L\L,,

b= CiGLIR,+CiGLyR,,
c=CLi+Coly+CiCoR Ry,
d=C\R+C,R,,

e=1,

JECIGLL,y (Ly+Li)+CiCoL o Li(Ly +Lo),

g=C\CoRy (L Ly + Ly Li+LoLy) +C1CoR (LoLyg T Lol i+ LoLy),
h=C1Li(Lg+ L)+ CoLo(Lg L)+ L Li(Ci+Co) +CLCoR Ry(Lg T L),
i=C\L,R\+CoLRy+C\LR,+CoLiRs,

J=LgtL

D. Filtering Performance Comparison

In [8]-[11], three other high order tuned-type filters with
good filtering performance (LLCL filter, Trap+RC filter and
2Traps+RC filter) were also proposed for grid-connected
converters. To highlight the filtering performance of the
proposed filter, AM-F curves of the proposed filter and the
three tuned-type filters mentioned above are compared with
limits on the harmonic attenuations in Fig. 4(a). The totals of
the peak storage energy of the passive components in the four
compared filters are similar to guarantee the equality of the
comparison. The magnitude margins of the dominant
harmonics of the compared filters by theoretical calculation
are also shown in Fig. 4(b). It can be derived from the
broader magnitude margins of the proposed filter in Fig. 4 (b)
that the improved multi-tuned filter can reach better and more
balanced harmonic attenuations at the dominant harmonic
bands than the other common high order filter topologies.
This demonstrates the superior generalized filtering
performance of the improved multi-tuned filter. When applied
to high power PV converters, the superior performance in
terms of attenuating the dominant harmonic bands can
effectively meet the distortion limits specified by IEEE1547
with reduced total inductance and volume. On the other hand,
the reduction of the resistance in the LC branches can raise
the efficiency of high power PV systems. Thus, the economy
of high power PV systems is improved by the improved
multi-tuned filter.

III. DIGITAL CONTROL SCHEME OF A
GRID-CONNECTED CONVERTER WITH THE
PROPOSED FILTER

Although great filtering performance can be achieved by
the proposed filter, oscillations happen due to the lack of
damping around f, for the improved multi-tuned filter.
However, since f. is placed higher than the digital control
frequency for different PWM modes, it cannot influence the
digital control system. On the other hand, the resonance peak
at f...» can be sufficiently damped by the series resistor in the
LC branch as shown in Fig.3. Therefore, the resonance peak
at fi.s> does not cause oscillations in the control system.

For the proposed filter, the widely adopted passive
damping and active damping for the LCL filter are unsuitable.
The added damping resistors in passive damping greatly
weaken the harmonic attenuation at around f; or 2f; and
inevitably decrease the efficiency of the overall system [18].
On the other hand, the multi-loop active damping methods
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Fig. 5. Block diagram of a single-loop controller with grid-side
current feedback in the z-domain.

introducing extra feedback [19]-[21] are also less effective in
high power PV converters. Because of the relatively long
digital delay caused by the low switching frequency, system
stability becomes difficult to achieve [22]. In this paper, by
establishing a digital control scheme based on the frequency
response characteristic of the proposed topology, a
single-loop controller with grid-side current feedback without
damping resistances is adopted to deal with oscillations. In
[23], it is shown that the essence of the control system
stability for the LCL filter is strongly related to the location of
the resonance frequency and the total equivalent delay time
as shown in (4).

xT, X2w<-m “4)

1
_272. <- 5 T - resl delay

where T, is the total equivalent delay time of the digital
control process. The principle is still suitable for the proposed
filter, since only one resonance peak exists in the digital
control frequency band for both the LCL filter and the
proposed filter. T, consists of two parts: the delay time
from sampling the PWM output, and the equivalent delay
time of the digital PWM process which is equivalent to a
sample-and-hold unit [24]. In general, assuming that 7 is a
switching period of the converter, for the asymmetric regular
sampling PWM methods and the symmetric regular sampling
PWM methods (the most commonly applied in the PWM
converters [25]), Ty varies from 37,/4 to 37/2. Then, it can
be derived from (4) that a relatively high resonance frequency
Jres1 1s required for the implementation of the proposed control
scheme.

The greatly reduced total inductance of the improved
multi-tuned filter enables a much higher f.s, which is set
between 1/3f; and 1/2f; as mentioned in Section II. Thus, the
proposed filter is suitable for the adoption of a single-loop
controller with grid-side current feedback. For the proposed
filter, the restrictions on the single-loop control applications
are satisfied under different PWM modes and the output
switching harmonics can be effectively limited.

A. Modeling of the Single-Loop Controlled System in the
z-domain
In this section, a single-loop controller with grid-side
current feedback is modeled in the z-domain to study the
stability of the system. The z-domain model accurately
indicates the inherent delay nature of the digital control

implementation, which is essential for predicting the stability
boundaries and designing the proposed controller.

A block diagram of a single-loop controller with grid side
current feedback in the discrete domain is depicted in Fig. 5
[26], where Gi—, (s) is the transfer function stated in (3). In
the control system modeling, the inserted low resistances
have been neglected. This is done to represent the worst case
un-damped scenario. Gz) and ZOH represent the delay from
the sampling to the PWM output, and the equivalent
sample-and-hold unit of the digital PWM process, and
Gpinc(z) is a quasi-resonant PR+HC regulator in the
z-domain.

To achieve the accurate tracking of the reference current
and mitigation of the selected 5th and 7th harmonics, a
quasi-resonant PR+HC controller is applied under aff static
coordinates. The expressions in the s-domain can be seen as
follows.

2lws
Gpr(S) =Kp+ Kr 5 3 )
57 +28mys + @
2&, haoys
Grc(s)= 3 Krh Sl (6)

s2+ 28, haoys + a)02
By using abi-linear transformation, G,(z) is derived in
equation (15) as the discrete equivalent of G,,(s). Guc(z) can

be transformed into the z-domain in the same way.
2
az" +bz+c
e e (7)
Az +Bz+C

where 4 =4/Ts +4éwy I Ts+o," . B=-8/Ts +20, ,

Gpr(z) = Kp+ Kr

C=4/Ts —4é0, | Ts+ o, , a=4¢0/T,, b=0 and c=—4Lw/T,.

The continuous circuit Gy;—(s) can be transformed into a
discrete domain function Gyi—(s) by applying the ZOH
transform with a sampling period of 7T=Tgni [25]
(Tame=0.5T for the asymmetric regular sampling PWM, and
Tsum:1=T, for the symmetric regular sampling PWM).

Finally, these transfer functions can be combined to create
the transfer function of the open-loop forward path
expression G(z) for the regulators in Fig. 5. Then, control
system analysis techniques such as frequency response (Bode
diagram) and pole-zero maps can be applied. For the
single-loop control system, the forward path transfer function
G(z2) is established as:

G(2) = KpwmGd(2)G,, e (2)G i (2) ®)

B. Stability Analysis of the Proposed System and Selection
of the Delay Time

To analyze the stability of the single-loop system, bode
diagrams of the open-loop system with three typical Ty,
(3T/4, T, and 3T,/2), which are based on the z-domain
transfer function discussed above, are shown in Fig. 6. The
AM-F characteristics are almost the same for different delay
times. The major difference created by the different delay
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times is the phase deviation of the PH-F curve. It is depicted
in Fig.6 that the phase roll-off created by the delay time
causes the PH-F curve to transit below -180° before a
relatively high resonance frequency. Thus, large magnitude
excursions across 0dB at f,.; do not have an influence on
system stability. In this way, the whole control system is
stabilized.

To determine the desired delay time for system stability,
pole-zero maps when T, varies from 0 to 27 are illustrated
in Fig. 7. The pole-zero maps intuitively show the variation
tendency of the system stability when the delay time varies.
As Teq, grows, two poles gradually move into the circle and
then move out of the circle. The specific delay time where all
of the poles are in the circle and close to the zero point is
selected as Ty, and the corresponding PWM mode is
adopted. In this case, large enough stability margins can be
guaranteed.

C. Parameter Determination of the Controller

After T, is settled, the parameter design of the PR+HC
regulator is proposed in this section. It is clear from Fig.6 that
the cutoff frequency should be located lower than the phase
crossover point, which is far from f,.y. This can be
recognized as the same mechanism that limits the
performance of simple L filter systems [27]. Hence, when
designing the controller gains for the proposed system,
methods similar to those used for standard L filters could be
considered, where L =L+ L, .

First, to design the PR+HC regulator, the proportional gain
K, is set to achieve a unity gain at the desired cutoff

frequency [28]:
Kp Je(Li+ Lg)
Kpwm

©

where f. represents the cutoff frequency, which is highly
dependent on the desired phase margin ¢,

fom L9070 (10)

360 T
The designing of K, should ensure that the magnitude of
the controller at f;, is large enough, which can guarantee low
steady-state amplitude errors at the fundamental frequency.
The current errors Al can be derived as (11), which should be

less than 5% of the rated RMS current.

Kpwm(Kp + Kr)
where U, is the rated RMS phase voltage of the grid, and 7, is
the rated RMS current.

On the other hand, K. and K,, (h=5, 7) should be
constrained by their phase contributions at the crossover
frequency. The phase lag introduced by the current controller
at w, should be:

Ag

m

< 5%In (11)

= 4Gpr+l c(@) = ZGWI c(8)=
2%w,s (12)

2
s +28m,s + o,

28 ho s
+ z Kih %
m=5,1 s +2& hoys + o,

Z(Kp+ Kr

where Ag,,is the phase shifting at the crossover frequency
introduced by the PR+HC regulator. For the proposed
single-loop system, by setting ¢,=50°, Ap,,;<5° and AI<3%,
good dynamic and steady state performances can be ensured.

In Fig. 8, a Bode diagram of the designed closed-loop
system is shown. The resonance peak on the AM-F curve is
sufficiently suppressed, which means that the close-loop
system does not amplify the harmonics around £, which
enhances the relative stability of the system. On the other
hand, the AM-F and PH-F curves around f; are near 0dB and
0°, which leads to the superior tracking characteristic for the
reference AC current. In addition, the PH-F curve at around
5fo and 7f, is obviously shifted close to 0° by the HC
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Fig. 8. Bode diagram of the proposed closed-loop system.

TABLE 1

VSC SYSTEM PARAMETERS FOR EXPERIMENTS
Parameters Value

System frequency fo/Hz 50
Switching frequency f/Hz 3750

DC link voltage U,/V 290

Rated grid line to line voltage U,/V 136

Rated output power P, ,./kW 11

controller, which mitigates the output harmonics at 5f; and 7.

IV. EXPERIMENTAL VERIFICATION

To validate the superiority of the filtering performance of
the proposed filter and the feasibility of the proposed control
scheme, experiments are carried out in a scaled down 11kW
three-phase PV grid-connected converter prototype. The
parameters for the prototype are shown in Table I. A
2Traps+RC filter, the proposed improved multi-tuned filter, a
conventional multi-tuned filter, and a Trap+RC filter are
inserted between the converter and the utility grid to be the
output filter. On the basis of complying with the regulations
on harmonic currents in [EEE 1547, the compared filters are
designed with the similar harmonic attenuation performance
for the dominant high order switching harmonics. The
designed parameters of the compared filters are listed in
Table II. The design procedures are shown in Appendix B.
Notice that the peak stored magnetic energy for the filtering
branches of the different topologies are similar, while the grid
side inductor of the 2Traps+RC filter and the improved
multi-tuned filter are designed smaller thanks to their better
harmonic attenuations. For the proposed improved
multi-tuned filter, the proposed single-loop control scheme
and the parameter design of the control system are adopted,
with the Ty selected as T;. Meanwhile, the conventional PR
controller is adopted for the compared topologies. The
control circuit is equipped with a DSP chip TMS320F28335
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TABLE 11
FILTER PARAMETERS FOR EXPERIMENTS
Parameters 7rap+RC 2Traps+RC  Conventional Improved
filter filter multi-tuned  multi-tuned
filter filter
L; 270uH 270uH 270uH 270uH
L, 350uH 220uH 350uH 200uH
C S50uF 40uF 50uF S50uF
C, — 20uF 20uF 20uF
L 36.1uH 45.1uH 36.1uH 36.1uH
Ly — 22.5uH 22.5uH 22.5uH
R, 0.09Q 0.09Q 0.35Q 0.09Q
R, — 0.09Q 1Q 0.09Q
Ry 4Q 20Q — —
Cy 25uH 10uF — —
TABLE III
DOMINANT HIGH ORDER HARMONICS (%) FOR DIFFERENT FILTERS
Maximum Maximum Maximum
Filters harmonics harmonics harmonics
around f; around 2f; around 3f;
and above
Trap+RC filter 0.10% 0.41% 0.06%
2Traps+RC filter 0.16% 0.11% 0.09%
Conventional 0.23% 0.25% 0.05%
multi-tuned filter
Improved 0.13% 0.09% 0.07%
multi-tuned filter
TABLE 1V

MEASURED POWER LOSS AND EFFICIENCY LOSS OF DIFFERENT

PASSIVE FILTERS

Filters Power Efficiency loss
Loss operating at full
load
Trap+RC filter 43.4W 0.395%
2Traps+RC filter 32.7W 0.297%
Conventional multi-tuned 50.4W 0.458%
filter
Improved multi-tuned filter 11.7W 0.106%

at the core to implement, detect, and control, while the power
device adopts three IGBT modules FF225R17ME4.

A. Filtering Performance Evaluation

To test the filtering performance, full load steady state
experimental waveforms of the grid current /, operating with
the four different filters are illustrated in Fig. 9. Meanwhile,
the corresponding dominant high order harmonics are listed
in Table III.

It can be derived from Fig. 9 and Table III that the total
harmonic current distortion (THD) of the experimental
waveforms for the four filters are well below 3%, and that the
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improved multi-tuned filter has the best high order harmonic
attenuations among the compared filters, with the highest
harmonics being around f;, 2f; and in the higher frequency
band 0.13%, 0.09% and 0.07% experimental
circumstances.

under

B. Power Loss Measurement

Another major advantage of the proposed filter is its
improved efficiency thanks to a reduction of the damping
resistors in the branches. For the filters mentioned above, the
power loss is measured by the experimental results. As listed
in Table IV, the power loss of the improved multi-tuned filter
is much less than that of other filters. Thus, it offers a great
improvement in the efficiency of the whole PV VSC system.

C. Steady-State Performance Test

For the proposed improved multi-tuned filter, as shown
in Fig. 9(a), the smooth steady-state waveform of the grid
current [, validates the effectiveness of the proposed control
scheme. In Fig. 9(a), the RMS value of /, is 46.83A, with an
amplitude error of less than 2.5%, and the measured power
factor is 0.995. The steady-state harmonic spectrum of 7, for
the improved multi-tuned filter is shown in Fig.10. In Fig.10,
the harmonics around f,.,; (30th to 35th) are kept lower than
0.26%, which further verifies the effectiveness of the
proposed control scheme in the elimination of the oscillations
caused by the resonance peak. In addition, thanks to the HC

20160122 17:45:3n=—=—=——2—————is
YOKOGAWA 4

Nornal
200kS/s S00Ms/liv
“10M5/div

204/div - 10ms/div
Fig. 11. Transient response of the grid side current 7, when the
output current gets a step change from half load to full load.

controller, the 5th and 7th harmonic currents are reduced to
0.96% and 0.59%. The harmonic contents in the whole
frequency band of I,, shown in Fig.10, have complied with
distortion limits specified by IEEE1547. All of the figures
mentioned above show the good steady-state tracking feature
and effective harmonic suppressions of the proposed control
scheme.

D. Dynamic Performance Test

A dynamic waveform of the current when the output
current has a step change from half load to full load is shown
in Fig. 11. The quick step up and small overshoot of the
current waveforms illustrate the good dynamic feature of the
whole proposed system.

It can be derived from the experimental results above that
the improved multi-tuned filter has better performance in
terms of high order harmonic attenuation and power
efficiency than the other high order filter topologies. On the
other hand, no oscillations occur in the improved multi-tuned
filter system and good steady-state and dynamic
performances can be guaranteed, thanks to the proposed
current control scheme.

V. CONCLUSIONS

In this paper, an improved design of a multi-tuned filter
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based on a digital control scheme for high power PV
applications is proposed. The proposed filter topology can
reduce the total inductance and power loss, while the
proposed control scheme is simple and effective in terms of
suppressing the resonance peak. Then, the following
conclusions can be drawn.

1) The greatly reduced series resistor in the LC branches
strengthens the harmonic attenuations at around f; and 2f;,
where high attenuations are required for PV VSC systems.
When compared with common high order filters, the
improved multi-tuned filter is able to sufficiently attenuate all
of the major switching harmonics. Therefore, the total
inductance is reduced to meet the regulatory requirements in
IEEE1547.

2) The reduced damping resistor in the LC branches also
decreases the operating power loss in the LC branches, which
offers an increase in the efficiency of the PV system.

3) Thanks to the reduced total inductor, the resonance peak
fres1 can be placed relatively high. Taking the digital delay
into account, system stability and good control performance
can be achieved by a grid current feedback single-loop
controller with proper parameter determination.

Experimental results show the capability and application
value of the proposed improved multi-tuned filter and the
corresponding control strategy.

APPENDIX A

A schematic diagram of the proposed multi-tuned filter used
in a grid-connected converter is illustrated in Fig. A-1.

Derived from Fig. A-1, a block diagram of the overall
transfer function Gy;_,4(s) (shown in Equation 3) is constructed
as shown in Fig.A-2.

In Fig. A-2, Zyanen(s) is the equivalent impedance of the two
paralleled RLC branches. The specific expression of Zynen(s)
is:

YAVA
Zbranch(s) = Z]//ZZZ

VARYA:

Zi=1L R !

1= Las+ Ki+—— 1
Cis (13)
1

Zr=Ls+ R+ ——
Cas

Assuming that the grid is an ideal voltage source, the transfer
function G;_(s) can be derived from Fig. A-2.

14
mench(s) (19

LgLiSZ + (Lg + Li)S . Zbranch(s)

& U

L L

Fig. A-1. Schematic diagram of the multi-tuned filter used in a
grid-connected converter.

Fig. A-2. Block diagram of the overall transfer function
Griop(s)-

By combining (13) and (14), the transfer function G;_(S)
is deduced as:

4 3 2
as +bs +es +ds+e
GU > L(s) = ; ” P (15)
5 +gs +hs +is + s

where a=C,C5L L,

b= C\GLIR,+C G LRy,

c=C\Li+GLy+CiCoR R,

d=CiR+CR,,

e=1,

SFCIGLLy (Lt Li)+CiCoLLi( Ly +Lo),

g=C ORI Ly + Ly Lt LyLi) + CyCoR (Lo L+ LoLi+ L L),

h=C\L\(Ly+ L)+ CoLo(Ly+ L)+ L Li(C, +C)
+C\GR\Ro(Lg+Ly),

i=C\LoR+C,LR,+C LiR +CoLiR,,

= LytL

where (15) is the same as equation (3).

APPENDIX B

The step-by-step design procedure of the proposed multi-
tuned filter has been applied to the experimental setup (shown
in Table I) as a design example. Step 1 and step 2 of the
procedure are similar to the design procedure shown in [§], and
the specific procedure is as follows:

1) Adopting a 60% current ripple for the converter-side
inductor L;, L; is calculated to be more than 244pH, and it is
selected as 270puH.

2) To ensure that the total reactive power loss in the LC trap
branches is less than 5% of the rated power, the sum of the
capacitor value in each of the branches is designed to be
C+Cy<94.TuF. Then, C;+C,=70uF is selected so that the
reactive power of the capacitor is limited to 3.7% of the rated
power.
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3) By placing the resonance frequency of the LC traps at f;
and 2f;, the parameters in the LC branches are restrained as
follows:

1 1
= — | —— 16
Y 27 N LiCi (16)

1 1
2/= Z L:C> a7

When designing the parameter values in the LC trap
branches, since C;+C,=70uF, by combining (2), (16) and (17)
simultaneously, the capacitor values of C; and C, can be
theoretically calculated at 51.85puF and 18.15puF. Then,
C=50pF and C,=20pF are suitable for actual choices. The
corresponding inductor values of L; and L, are calculated as
36.1uH and 22.5uH.

4) By setting the Q factors of the two LC branches as 10, as
discussed in Section II, the equivalent resistor values R; and R,
can be calculated as 0.085Q and 0.106 Q. Then, R, and R, are
both designed as 0.09Q.

5) The grid-side inductor L, is limited to between 135.9uH
and 770.7uH according to (1). On the other hand, the
maximum value of L,+L; should be less than 0.1pu (923uH) [2],
which means that L, should be less than 653uH. By
considering a large enough margin for the series equivalent
inductance of the utility grid, L, is then chosen as 200pH.

The design procedures for the other high order tuned-type

filters: Trap+RC filter, conventional multi-tuned filter and
2Traps+RC filter are shown in [5], [6] and [8], respectively.
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