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A Bidirectional Control Principle of Active Tuned
Hybrid Power Filter Based on the Active Reactor
Using Active Techniques

Yaping Deng, Xiangqian Tong, and Hao Jia

Abstract—In this paper, a novel bidirectional control principle
of active tuned hybrid power filter (ATHPF) based on the active
reactor using active techniques is proposed. The proposed control
principle, in essence, is to continuously adjust the filter inductance
of the active reactor by regulating active power filter (APF) out-
put current in terms of its magnitude and direction. Therefore, the
ATHPF using the bidirectional control principle can simultane-
ously supply different impedances at different selective suppressed
harmonic frequencies. The bidirectional control principle can per-
form both the normal active tuning function and the abnormal
active detuning function. To be specific, the normal active tuning
function refers to the harmonic elimination with filtering perfor-
mance independent of the deviation of passive filter parameters,
while the latter, the abnormal active detuning function, refers to
the flexible protection against harmonic over-current without los-
ing two harmonic elimination and reactive power compensation
at the occurrence of harmonic over-current. Experimental results
verify the effectiveness of the ATHPF with the bidirectional control
principle in selective harmonic elimination and flexible protection
against harmonic over-current.

Index Terms—Active detuning, active tuning, bidirectional
control, harmonic suppression, hybrid power filter, over-current
protection, power quality.

I. INTRODUCTION

UE TO THE increasing application of renewable genera-

tion and other power electronic equipments such as diode
rectifiers and adjustable speed drives, harmonic pollution has
become a critical problem in power system [1], [2]. It degrades
the power quality and power supply reliability. Therefore, it
is essential to install a power filter for harmonic elimination.
Passive power filter (PPF) is a cost-effective approach for
both harmonic elimination and power factor improvement in
high-voltage power system [3]. However, it still has some inher-
ent defects, including series/parallel resonance, filter detuning,
fixed frequency, and so on [4]. Among these defects, the filter
detuning caused by the deviation of system frequency and filter
capacitance or inductance is a major problem [5]. It decreases
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the filtering effectiveness and may cause over-current of the
filter. Active power filter (APF) based on power electronic tech-
niques shows a better filtering performance than PPF [6], [7].
Nevertheless, the APF is difficult to be applied to the high-
voltage power system due to its small capacity and high cost
[81, [9]. Since the 1990s, several configurations of hybrid power
filter have been proposed to improve the filtering performance
of PPF and reduce the capacity of APF in high-voltage power
system [10], [11], whereby contributing to the best effective-
ness in performance/cost [12]. Among these configurations, the
LC or C-type PPF are usually combined with APF [13]-[15].
Detjen and others have proposed a practical hybrid power fil-
ter [16], which shows great promise. In the configuration of
this hybrid power filter, the APF is in parallel with the filter
reactor of the LC-tuned filter directly or through a transformer.
Therefore, the hybrid power filter can be easily used in applica-
tions with single-tuned LC filter already installed. Moreover, it
has the advantage of small APF-rated capacity.

For hybrid power filter, control principle is quite important to
achieve excellent compensation performance. Extensive control
principles have been proposed to accomplish these require-
ments, such as resonances damping [17], harmonic current/
voltage elimination [18], [19], reactive power compensation
[20], and so on [21], [22]. However, these control principles are
usually characterized by source current or load current detec-
tion. Therefore, it is generally recognized as a challenging task
to adopt the hybrid power filter using the control principle with
source current or load current information in those situations
where source current or load current cannot be sensed conve-
niently. Thus, the hybrid power filters with source current or
load current acquisition control methods are not suitable for
the power system with smart grid or microgrid characterized
by distributed nonlinear loads and distributed generations such
as solar, wind, fuel cell, gas turbine, and so on [23], [24].

In the literature [25], an active tuning control principle has
been proposed to overcome the drawbacks in the control meth-
ods with source current or load current detection. This control
principle is characterized by sensing only the filter current,
which is different from previous research. The filter system
applying the active tuning control principle to the configuration
proposed by Detjen is called active tuned hybrid power filter
(ATHPF) in this paper. The ATHPF employing the active tun-
ing control principle can achieve perfect filtering performance
without source current or load current information. However,
the research of ATHPF is still insufficient. In ATHPF, the main
body of the filter system is still LC filter. As a result, when
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Fig. 1. Single-phase configuration of ATHPF.

ATHPF is well tuned at h-order harmonic frequency with the
active tuning control principle, it provides low impedance path
for the h-order harmonic current not only for the compensated
nonlinear loads but also for the neighboring uncompensated
nonlinear loads. Accordingly, the excessive harmonic current
will flow into the ATHPF and lead to harmonic over-current of
the filter. This will cause damage to the ATHPF. Hence, it is
necessary to protect ATHPF against harmonic over-current.
On the basis of active tuning control principle, a novel bidi-
rectional control principle is proposed in this paper to solve
the problem of harmonic over-current in ATHPF. The proposed
control principle can simultaneously achieve the following two
goals:
1) harmonic elimination with filtering performance immune
to the deviation of passive filter parameters; and

2) flexible protection against harmonic over-current without
losing harmonic elimination and reactive power compen-
sation at the occurrence of harmonic over-current.

Therefore, the operation reliability of ATHPF can be
improved. The outstanding advantages of ATHPF with the bidi-
rectional control principle become prominent especially when
it is difficult to acquire the source current or load current eas-
ily. Moreover, three-phase ATHPF employing the proposed
bidirectional control principle is implemented with split-phase
independent control method. Consequently, the filtering perfor-
mance of three-phase ATHPF is immune to the filter parameters
unbalance. The experimental results have confirmed the validity
of the proposed control principle in selective harmonic elimina-
tion and flexible protection against harmonic over-current.

II. SYSTEM CONFIGURATION AND APF OPERATING
PRINCIPLE

A. System Configuration

Fig. 1 shows the configuration of ATHPF, which is connected
in parallel with nonlinear load. The filter system comprises two
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Fig. 2. h-order harmonic equivalent circuit of ATHPFE.

parts: 1) LC passive filter; and 2) APF with inductor L to elimi-
nate switching ripples. Since the APF, which is directly shunted
to the filter reactor, only sustains very low fundamental voltage
of the power system, its rated capacity is greatly reduced, which
is of significant advantage to application of the hybrid power
filter.

The LC filter in ATHPF is not necessarily designed as a well-
tuned PPF because the ATHPF with the bidirectional control
principle can automatically accommodate the deviation of the
filter parameters. This is an important characteristic as it pro-
vides more flexibility to the parameters selection of the LC filter
in ATHPE.

B. APF Operating Principle

Fig. 2 shows the single-phase h-order harmonic equivalent
circuit of the filter system presented in Fig. 1. The nonlinear
load and the APF are considered as current sources ¢y and
IAPF.L, Tespectively. The wy, is the h-order harmonic angular
frequency of power system. The wp, Ls, wp L, and 1/wpC' are
the harmonic impedances of power system, filter reactor, and
filter capacitor, respectively. The ugy, represents the h-order
harmonic component of the source voltage. The i stands
for the h-order harmonic current flowing into ATHPF, and the
Treactor.h, denotes the h-order harmonic current injected into the
reactor L.

Based on the KCL and KVL theories, a series of formulas
are obtained as follows:

USh = UCh + ULk

ireactor.h

dt

1 .
uch = 5/2tht

LFh = lreactor.h T TAPF.h

urp = L

ey

where C' and L are the capacitance and initial inductance of the
LC filter in ATHPF, and uy, and ucyp represent the h-order
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Fig. 3. Principle analysis of ATHPF.

harmonic content of the voltage across the filter reactor and
capacitor, respectively.

Suppose that the h-order harmonic current injected into
ATHPF is expressed as follows:

ipn = Ipp, sin(wpt + ¢p) ()

where ¢y, is the phase angle relative to the source voltage.
The APF is controlled as a current source and its output
current iapr.p, satisfies the following relationship:

iapE.n = Kp - ipn (3)

where K7, is the control gain for h-order harmonic.
Then solve (1)—(3), and the u gy, can be derived as
(1— Kp)wilC -1
th

ugp = Iep COS(wht —+ Sﬁh)- 4)
This indicates that the external impedance seen from the
installation point of ATHPF at h-order harmonic frequency can
be written as
Z (1 - Kp)wpL ! 5)
=(1- wpl — —.
ATHPF.h h)Wh wonC
In fact, we can further obtain the h-order harmonic equivalent
inductance Leg 1,

Legn=(1-Kp)L. (6)

The above formula shows that the aggregate of APF and the
reactor L can be regarded as a controllable active reactor. The
equivalent inductance at the h-order harmonic frequency can
be adjusted continuously by regulating the amplitude and sign
of the gain K. In other words, if K increases, the equiva-
lent inductance at h-order harmonic frequency will decrease,
and vice versa. Therefore, the single-phase circuit in Fig. 2 is
equivalent to that in Fig. 3.

Referring to Fig. 3, the attenuation factors Isy /Iy, and
Ipp /1L, are expressed as follows:

ISJ - (1 — Kh)th — ]./th (7)
Iy o wpLls + (1 — Kh)th — 1/th
Irn wpLs
= . ®)
Ity wnls + (1 — Kp)wpL — 1/w,C
If K}, meets the following formula:
(1 Kponl — —— =0 ©)
_ wpl — —— =
h)Wi wonC
then
ISh =0
Irn = ILh-
Referring to (9), K}, can be deduced as follows:
1— hed
Ky = wi LO7 10
h { 0:1 héG (10)

where G is the set of selective harmonic orders to be sup-
pressed. For example, if the ATHPF is intended to eliminate
5,7, 11, 13, and 17 orders harmonic currents, the set G can be
expressed as G = {5,7,11,13,17}.

Let w, be the designed resonant angular frequency of the LC
filter. That is,

1—-w’LC =0. (11)

Applying (11) into (10), we can further obtain the expression

of K h

1 w 2
Khz{lwﬁwzl(wh)’ hel

0, héG.

When Kj, satisfies (12), no h-order harmonic current appears
in the power system. At the same time, the h-order harmonic
current flowing into ATHPF reaches the maximum value which
equals to the h-order harmonic current in the nonlinear load.
This is referred to as normal active tuning function and the cor-
responding implementation method is called the active tuning
control principle.

When the denominator of (8) approaches zero, the reso-
nance between the system impedance and the ATHPF occurs.
Consequently, a large amount of h-order harmonic current will
flow into ATHPF, resulting in damage to the ATHPF. Still,
the harmonic current of neighboring nonlinear loads in prac-
tical industrial power system will also flow into the filter when
ATHPF is well tuned with the active tuning control principle,
thus leading to the damage of the ATHPF as well.

According to (8), once the h-order harmonic over-current
occurs, the gain K7}, is controlled to decrease gradually, result-
ing in the increase of the equivalent impedance at the h-order
harmonic frequency. Hence, the ATHPF deviates from tun-
ing condition to detuning condition preventing the ATHPF
from absorbing the h-order harmonic current until the h-order
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harmonic current flowing into ATHPF decreases to the per-
missible value of filter harmonic current. This is referred to
as abnormal active detuning function to improve the safety
operation of ATHPF without losing harmonic elimination and
reactive power compensation at the occurrence of harmonic
over-current. The corresponding realization method is called
active detuning control principle.

Results of the above analysis indicate that both the nor-
mal active tuning function and the abnormal active detuning
function can be implemented by adjusting the control gain
K, namely the APF output current. Based on this concept,
a bidirectional control principle for ATHPF is proposed to
selectively eliminate harmonic currents and flexibly protect
against harmonic over-current simultaneously. The compensa-
tion performance and complete implementation method of the
bidirectional control principle will be elaborated in Sections III
and IV, respectively.

C. System Parameters Selection

In ATHPEF, it is important to select the parameters of the LC
filter, especially the initial inductance L. C'is chosen according
to the principle presented in [26].

In terms of each harmonic, they share the common capac-
itor with the same capacitance. For this reason, the filter
inductance in ATHPF should have different values at different
selective suppressed harmonic frequencies to eliminate the pre-
determined harmonic currents. The filter inductance at h-order
harmonic frequency L;, should be

1 1

L’ = —-—-— = ——m
"TO2C T w20

(13)
where w; is the fundamental angular frequency of the power
system.

It can be seen from (13) that the required inductance
decreases with the increasing harmonic order. If A, is the
minimum harmonic order to be eliminated, the active reactor
reaches the maximum inductance at the hp;,-order harmonic
frequency. It is quite risky to select the initial filter induc-
tance L less than the inductance at the Ap;,-order harmonic
frequency because it will result in harmonic amplification and
harmonic over-current when APF exits from ATHPF due to
faults. Therefore, the value of L should be designed as (14) to
ensure the filter continuously working in a traditional PPF way
when the APF is out of operation

P B 5|
Cwi L C R WiCT

min

(14)

ITII. COMPENSATION PERFORMANCE ANALYSIS OF THE
BIDIRECTIONAL CONTROL PRINCIPLE

Fig. 4 illustrates the APF reference current generation frame-
work with the bidirectional control principle.

The bidirectional control principle for multiple harmonic
elimination adopts a parallel operation approach. The gener-
ation method for the reference current of each order follows
the same procedure. First, the single-order harmonic content

—>| Ho(s) ]—>| K7
—>| Hii(s) |_>| Ky

Fig. 4. APF reference current generation.

is extracted from the filter current. Second, multiplying the
obtained harmonic component by K (s) gets the correspond-
ing h-order reference current. Finally, the total APF reference
current Iapg(s) is produced by adding up the reference current
of each order.

According to Fig. 4, if the Hy(s) and H(s), respectively,
denote the transfer function of single harmonic extraction and
the transfer function from I (s) to Iapr(s), we can obtain the
following formulas:

IAPF(S) = H(S)IF(S) (15)
H(s) =Y Ku(s)Hn(s) (16)
heG
B
Hn(s) = m 17

where B and w, are band-pass width and central angular
frequency, respectively.

The ideal characteristic of H(s) and Hp(s) in terms of h-
order harmonic should be

1, Wy = hw1

Hh(jwo) = {0 We ?é hw; (18)
) | Ky, wo=hwi VheG
H{(jw,) = { 0, otherwise. (19)

Hence, Is(s)/I1(s) and Ir(s)/IL(s) are expressed as fol-
lows:
Is(s)  1/sC+ (1 — H(s))sL
Ir(s)  sL+1/sC 4+ (1 — H(s))sL
1/sC+ (1= > Kp(s)Hp(s))sL

_ heG (20)
sLg+1/sC+ (1 — > Kn(s)Hp(s))sL
heG
IF(S) - SLS
Ip(s) sLy+1/sC+ (1 — H(s))sL
- sLs . @
sLg+1/sC+ (1 — > Kpn(s)Hp(s))sL
heG

Formulas (20) and (21) can be employed to analyze the com-
pensation performance of the bidirectional control principle
including both the active tuning control principle and the active
detuning control principle.
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A. Filtering Performance

Fig. 5 illustrates bode diagram of (20) when the ATHPF is
actively tuned at 5, 7, 11, 13, and 17 harmonic frequencies. The
LC filter resonates at 4.77th harmonic frequency. According to
(12), the values of K}, in (20) for 5,7, 11, 13, and 17 harmonics
are 0.09, 0.54, 0.81, 0.87, and 0.92, respectively.

As shown in Fig. 5, we can observe that the amplitudes
of Ig(s)/IL(s) at5,7, 11, 13, and 17 harmonic frequencies
are significantly attenuated, whereas the magnitudes have no
change at other nonselected harmonic frequencies. This indi-
cates that the ATHPF with the active tuning control principle
can automatically eliminate the predetermined multiple har-
monic currents. The advantage of ATHPF with the active tuning
control principle lies in the fact that the filter system only
consists of a single LC series branch, but it can simultane-
ously resonate at multiple harmonics without detuning, thus
eliminating several selective harmonics.

B. Characteristic of Flexible Protection Against Harmonic
Over-Current

When the ATHPF is well tuned at fifth harmonic frequency
(250 Hz) with the active tuning control principle, the whole
fifth harmonic current I 5 in the nonlinear load flows into the
ATHPE. At this point, the fifth harmonic over-current easily
occurs. If the fifth harmonic current in nonlinear load becomes
to 1.5 I 5 due to additional fifth harmonic current caused by
neighboring uncompensated nonlinear load, the filter current
I (s) at fifth harmonic frequency is also increased to 1.5 Iy5,
thus leading to the fifth harmonic over-current of ATHPF. As
illustrated in Fig. 6, the ration Ir(s)/I;,5 becomes 1.5 at the
fifth harmonic frequency at this time. Nevertheless, the filter
current I (s) at fifth harmonic frequency can be reduced to the
permissible value I 5 with K5 decreased from 0.09 to 0.06. As
illustrated in Fig. 6, the ration Iz (s)/I5 at the fifth harmonic
frequency is reduced to 1 with decreased K.

The analysis result proves that the h-order harmonic current
flowing into ATHPF can be effectively prevented by adjusting

16
14 K5=0.09
i2 3
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vl
1
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e
S 08
x
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0.4
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Fig. 6. Magnitude-frequency characteristic of Ir(s)/Irs with different K5
under over-current of the fifth harmonic.

the corresponding h-order harmonic control gain K7, thus
protecting the ATHPF against harmonic over-current.

IV. REALIZATION OF THE BIDIRECTIONAL CONTROL
PRINCIPLE

A. Adjusting Method for K,

Results of analysis in Section III indicate that the bidirec-
tional control principle with both the normal active tuning
function and the abnormal active detuning function can be
implemented by adjusting the control gain Kj,.

In order to realize the normal active tuning function, the theo-
retical value of K, can be obtained according to (12). However,
there are deviations of system frequency and the LC parameters
in engineering application. Hence, if the calculated K7, in terms
of (12) is still chosen as the control basis, the satisfactory fil-
tering performance cannot be achieved sometimes. Therefore,
K, should be adjusted continuously according to the practi-
cal operation condition of ATHPF. In addition, when ATHPF
implements the abnormal active detuning function, K} should
also be regulated constantly according to the practical harmonic
current flowing into ATHPF and the designed permissible value
of filter harmonic current.

Because both the normal active tuning function and abnor-
mal active detuning function are implemented by regulating the
filter detuning, the degree of filter detuning is chosen as the
control basis for ATHPF. Fig. 7 shows a schematic diagram
of the bidirectional control principle with the K} adjusting.
For the h-order harmonic, the difference between the practi-
cal detuning 0 and its reference §* is obtained at first, and K
is then obtained by means of proportional integral (PI) regu-
lator. After that, by means of multiplying the obtained gain
K}, by h-order harmonic component of the current flowing
into ATHPF, the h-order reference current ¢apg j, is generated.
Finally, the reference current iapg 5, is sent to pulse-width mod-
ulation (PWM) generator and driver to produce the driving
signals of the switching devices.
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One of the key links in Fig. 7 is the online detection method
for the practical detuning § of the h-order harmonic. Formula
(22) is employed to obtain ¢ indirectly in this paper

~ Urn —Uch

5=
Urh +Ucn

(22)
where Ur;, and Uy, are root-mean-square (rms) values of the
h-order harmonic content of the voltage across the filter reactor
and capacitor, respectively.

The following analysis proves that the measured detuning
6 according to (22) shows good performance to indicate the
theoretical detuning d.

Suppose that X, and Xgp are the h-order harmonic
impedances of the filter reactor and capacitor, respectively.
According to (22), d can be further expressed as (23) under the
assumption that the inherent resistor of the filter reactor is zero.
This indicates that the quality factor of filter reactor tends to be
infinite in (23)

_Un—=Uon _ Xpn — Xeon
Urn +Uch  Xon+Xcn

B WILC —1
C wILC 41

(23)

According to the filter detuning definition, the h-order theo-
retical detuning g can be expressed as follows:

Wh — Wy

do = (24)

Wh
Then applying (11) and (24) into (23), we can further obtain
the relationship between the measured detuning ¢ and the
theoretical detuning g

1 (1—8)

= 25
1+ (1—8p)° )

Fig. 8 illustrates the relationship between the theoretical
detuning Jp and the measured detuning § according to (25) on
the closed interval [—0.2, 0.2]. It can be seen from Fig. 8 that
there is a satisfactory linear relationship between § and §; in the
range of —0.2 < §p < 0.2.

In fact, the following formula can be established consider-
ing that the filter detuning usually varies on the closed interval
[—0.2,0.2]

5 1-(1-8)" 200—86 24 s

T1t (-8 2+8-200 2-25 O

(26)

Combining Fig. 8 with (26), we can observe that the practi-
cal detuning of the h-order harmonic can be obtained indirectly
by means of detecting the h-order harmonic component of the
voltage across the filter reactor and the capacitor of the LC filter,
respectively.

0.15 /
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-0.15 /
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Fig. 8. Relationship between ¢ and dg.

irn

u h order
~~+harmonic|
detection| Urh | Ui |

Formula (22)

u
¥,

3
S
@
)
Q

Fig. 9. Active tuning realization of the h-order harmonic.

B. Control Scheme to Realize the Normal Active Tuning
Function

Fig. 9 demonstrates how the control scheme realizes the nor-
mal active tuning function for ATHPF. For h-order harmonic,
the control objective of the normal active tuning function is
to make ATHPF well resonate at h-order harmonic frequency.
Consequently, the reference detuning §* is set as zero under this
operating condition.

The specific implementing procedure of the control scheme
presented in Fig. 9 is described as follows. Based on the
single-order harmonic detection method such as fast Fourier
transform, the h-order harmonic components ipp, urp, and
ucy, are successively extracted from the filter current, the volt-
age across the filter reactor, and the capacitor. In addition, the
corresponding rms values Uy, and Ugy, are also calculated.
After that, the h-order practical detuning ¢ is obtained accord-
ing to (22). Finally, the PI regulator adjusts the control gain K,
in such a way so as to make J equal to §* (6* equals to O in this
case). As a result, the ATHPF can automatically resonate at the
h-order harmonic frequency without detuning.

C. Control Scheme to Realize the Abnormal Active Detuning
Function

The h-order harmonic over-current easily occurs when
ATHPF is well tuned at h-order harmonic frequency with the
control scheme presented in Fig. 9. Once the actual harmonic
current flowing into ATHPF is larger than the designed permis-
sible value of filter harmonic current, the harmonic over-current
phenomenon occurs. In order to reduce the h-order harmonic
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Fig. 11. Bidirectional control realization of the h-order harmonic.

current flowing into ATHPF to the designed permissible value, a
flexible protection is adopted to make the ATHPF deviate from
tuning point by adjusting K and APF output current.

As far as h-order harmonic is concerned, Fig. 10 shows how
the control scheme realizes the abnormal active detuning func-
tion. To begin with, the h-order harmonic component iy, is
extracted from the filter current, and the corresponding rms val-
ues Iy, are also calculated. Next, the limitation [, is designed
according to the permissible value of harmonic current flowing
into the filter. The permissible value should be precalculated
according to filter designed capacity of h-order harmonic over-
current. After that, the gain K} is produced by PI regulator
according to the difference between Iry, and I7,,. To be spe-
cific, when Iy, is smaller than I}, the gain K} is set as zero.
Once Iy, is larger than I7,;,, the PI regulator adjusts the gain
K}, so as to make Ir; equal to Ir;,. Finally, the reference
current iapg.oc is generated through multiplying K, by ¢ py,.

The advantage of this protection method lies in the fact
that the filter system does not have to be switched-OFF from
the power system at the occurrence of harmonic over-current,
thus realizing the flexible protection against the h-order har-
monic over-current to ensure the safe operation of ATHPF
without losing harmonic elimination and reactive power
compensation.

D. Control Scheme to Realize the Bidirectional Control
Principle

In terms of h-order harmonic, Fig. 11 illustrates how the con-
trol scheme realizes the bidirectional control principle, which
combines the control scheme presented in Fig. 9 with the con-
trol scheme presented in Fig. 10. In Fig. 11, the generation
method of practical detuning 0 is similar to that in Fig. 9. In
the following, the method to obtain the reference detuning &*
in the bidirectional control principle of the h-order harmonic is
elaborated.

As illustrated in Fig. 11, when the h-order harmonic over-
current does not occur, i.e., when the h-order practical current

i 1
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Fig. 12. Bidirectional control realization of multiple selective harmonics.

flowing into ATHPF Iy, is smaller than its reference I}, 6 is
set as zero in order to achieve the h-order harmonic elimination
performance. Once the h-order harmonic over-current occurs,
i.e., Iy is larger than I7,, 6* is gradually increased through
PI regulator 2 so as to make ATHPF deviate actively from the
tuning condition to the detuning condition. This process lasts
until /g, equals to I},,. After both the practical detuning ¢ and
its reference 6* are obtained, the control gain K} can be pro-
duced by PI regulator 1 according to the error between § and §*.
Finally, the reference current of the h-order harmonic ¢apg ;, is
generated through multiplying the K, by the h-order harmonic
content of filter current.

E. Control Scheme to Realize the Bidirectional Control
Principle for Multiple Selective Harmonics

Fig. 12 illustrates how the control scheme realizes the bidi-
rectional control principle for multiple selective harmonics. The
reference current for each order harmonic follows the same
procedure presented in Fig. 11. The total harmonic reference
current apr ref 1S achieved by adding up the reference current of
each order.

To begin with, for the harmonic currents intended to be elim-
inated in the power system, each harmonic component iy, 1
to ign.m 1S extracted from 7p and the rms values Ipj 1 to
Iph. . are also calculated. Meanwhile, the reference detunings
07 4 to o7 are produced through PI regulator 2 according to
the corresponding errors between the practical values Ipj 1 to
Irp.m and the precalculated references Iy, | to I7, .. Then,
each rms values of the harmonic voltage across the filter reac-
tor and capacitor Urp.1 to Upp.m and Ucpg to Ucoh.m are
calculated through single-order harmonic extraction and rms
calculation, respectively. Furthermore, the practical detunings
Op.1 to Op., are calculated according to (22). After both the
practical detunings and the references are obtained, we can
get the control gains Kj, 1 to K} ., by means of PI regula-
tor 1 according to the corresponding differences between oy, 1
to 0p.m and 0; ; to &7 . Finally, the total APF reference
current is determined through multiplying iy to tpp.m bY
Kj, 4 to K, with weighted sum method. Moreover, the bidi-
rectional control principle of ATHPF compensating fifth and
seventh harmonics is given as an example to elaborate the APF
total reference generation method using weighted sum method.
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1s(s)

UsC+(1- Y K, ()H,(s))sL

Fig. 13. Control block diagram of ATHPF with active tuning control.

First, multiplying the fifth control gain K5 by the fifth har-
monic current flowing into the filter ¢ 5 can produce the fifth
reference current iapp 5. Secondly, multiplying the seventh con-
trol gain K7 by the seventh harmonic current flowing into the
filter ;7 can generate the seventh reference current i4pp.7.
Finally, the total reference current for the fifth and seventh har-
monic elimination Zappret 1S determined by adding up iaprs
and iapE.7.

V. PARAMETERS SELECTION FOR CONTROL
A. Parameters Selection for Active Tuning Control

Fig. 13 shows the control block diagram of ATHPF, where
I1.(s), Ir(s), and Is(s) are considered as the input signal, feed-
back signal, and error signal, respectively. Therefore, formula
(20) can be regarded as the transfer function of the active tuning
control principle.

According to the active tuning control principle presented in
Fig. 11, we can obtain

Urn — Uch
=_=r " 27
K (s) Uin T Uon pri(s) 27
Grnls) = Kpy (14 — (28)
PIi\s) = AAp1 Tiis

where K pq and Tj;; are proportional coefficient and integration
time constant for PI 1 in Fig. 11.

Applying (6) and (22) into (27), we can obtain the following
relationship:

Kn(s) = wiL(1— Ku(s))C —1

T W2L(1 — Ku(s)C + 1 Grr(s)-

(29)

Then

(wiLC — 1)Gp[1($)
wiLC(1+ Gpn(s) +1°

Kn(s) = (30)

Applying (30) into (20), the characteristic equation of the
active tuning control principle with h-order harmonic elimina-
tion can be written as

6185 + 6284 + 6383 + 6452 + 6581 +e5=0

(3D

TABLE I
ROUTH TABLE

Polynomial Coefficient
S° e €3 €s
S4 e (7} €6
s d dy
s? A e
S 1 4|
s° By

where
e1 = (Ls+L)CT;
es = 1/wiC +miKpy
e3 = Bmaar
es =ms(Ls + LYKp1Ti1 + 1/wpC
es =1+ mimsL
eg = w%Ls
where
a=KpiTh

my = (WiLC —1)/(wiLC +1)
me = wpL + 1/w,C

ms :wiC’B

r=1-Kp;.

Then the Routh table can be obtained as shown in Table 1. In
which,

dy = €2€3 — 61647
€2
dy = €2€5 — 6166’
€2
f= dieq — does
1= 4 )
fa = eq,
 fids — fody
TR
h1 = fg.

Using the Routh criterion, we can get the stability condition
of ATHPF with the active tuning control principle is

ege3 —e1eq >0
dieqs — doeg >0
f1d2 — fgdl > 0.

Solve (32) with system parameters in Table II, and the stable
region for fifth harmonic elimination is shown in Fig. 14.

(32)
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TABLE 11
PARAMETERS OF ATHPF

Variable Value Description
Us 220V Rated voltage
Nee 20 kVA Short-circuit capacity
fs 50 Hz Frequency of system
Rioad 15Q Load resistance of the diode rectifier
Lioad 100 mH Load inductance of the diode rectifier
C 75 uF Filter capacitance
L 17 mH Filter inductance
Oitter 1140 VA Rating of LC filter
q 30 Quality factor of LC filter
1 9600 Hz Switching frequency of APF
Onrr 42 VA Rating of APF
0.06
0.05 \ \
0.04
Stableiregion \
& 0.03 /
0.02
0.01 i
|
00 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004
Kpi

Fig. 14. Parameters selection for active tuning control.

For active tuning control of ATHPF, the open-loop transfer
function G.1(s) with system parameters in Table II for fifth
harmonic elimination is given by (33), which is shown at the
bottom of the page.

In considering the range of K p; and 7;; illustrated in Fig. 14,
0.005T;s* and (0.005 + 0.51K py)s> can be ignored and then
the approximate expression of (33) is written as

1275(0.116 5 + 1)

T 5(8:6(1 — Kp1)s + 1)(392.5Kp Tiys + 1)
(34)

Gol.l (5)

Due to the fact that 8.6(1 — Kpy) is much larger than
392.5K p1T;1, then (34) is further simplified as

B T (5)

lﬁ\
"
X
=
s
=
=

I

SO

! |

+ v :

|
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|

|
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= |
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Fig. 15. Control block diagram of ATHPF with active detuning control.

According to the design criteria of third-order optimum
system, the following formulas are established:

1275/8.6(1 — Kp1) = 1/(8 x (392.5Kp1Tj1)?)
(36)
4 x 392-5KP1Ti1 = 0.116.
Finally, K'py and T3, are derived as
Kpy =0.0025
(37)
T;1 = 0.03.

B. Parameters Selection for Active Detuning Control

According to the definition of quality factor, the following
formula is obtained:
_ wrL
1= R

(38)

where ¢ and R are quality factor and equivalent resistance of
the tuned filter, respectively.
Combining (24) with (38), we can get
1 weL  1—-90

- X = IL_ = -
Ch=Wht = 00 1-6  wC

~ 2qR6.

From the equivalent circuit shown in Fig. 3, the relationship
between Irp,(s) and 6(s) can be expressed as
I Fh (5) =

onbs __p (39)
(s)

wpLs + 2qRo
Moreover, (39) can be fitted as the following linear equation
by curve fitting method. That is,

Ien(s) = ad(s) + b (40)

where a and b are fitting coefficients.

For fifth harmonic, we can obtain that ¢ and b are —1.45 and
0.81 by fitting (39) with system parameters in Table II.

Then the control block diagram of ATHPF with active detun-
ing control principle is illustrated in Fig. 15.

Gor1(s) = 1275 . (0.116s + 1) (35) In Fig. 15, the dashed frame is the inner loop for active tun-
ot 8.6(1— Kp1) s2(392.5Kp1Tys+1) ing control, and the closed-loop transfer function of inner loop
1275(0.116 s + 1
Gor1(s) = ( )

= 5(0.005T;15% + (0.005 + 0.51K p1)s® + 3375(1 — Kp1)Kp1Ti152 + (392.5K p1 15, — 8.6Kp1 + 8.6)s + 1)

(33)
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Gimer(s) can be regarded as a first-order inertia element after
regulating. That is,

- Gpll(S)G(s) _ 1
GHimer () = Gpri(s)G(s) —1 71s+1

where the time constant 7 is usually several times of PWM
switching period and 7 is designed as 0.001s in this example.
The expression of G'py2(s) in Fig. 15 is

1
Gpra(s) = Kpo (1 + TT;QS)

where K py and T, are proportional coefficient and integration
time constant for PI 2 in Fig. 11.

Then the open-loop transfer function G 2(s) with system
parameters in Table II is

145K ps

Go2(s) = (Tios + 1)

Tiz  s(0.001s+1)

T;o can be selected as
T;2 = 0.001/10 = 0.0001.

According to the design criteria of I-type system, the follow-
ing formula is established

1.45K py
——=1-0.001 = 0.5.
< T > 0.00 0.5
That is,
Kpo =0.034.

VI. EXPERIMENTAL RESULTS

A laboratory prototype of ATHPF based on the proposed
bidirectional control principle has been manufactured to eval-
uate the performance of selective harmonic elimination and
flexible protection against harmonic over-current predicted by
the previous theoretical analysis. Fig. 16 shows the hardware
implementation of ATHPF with the bidirectional control princi-
ple, in which the digital signal controller is adopted as the main
processor for digital control of ATHPFE. The digital signal con-
troller is used for data sampling, calculating, the bidirectional
control principle realization and PWM generating. Table II
summarizes the parameters of ATHPF.

A. Experiment of Harmonic Elimination

Fig. 17(a)—(f), respectively, illustrates the source current
waveforms and spectrums in the following three cases.

1) No power filter is connected.

2) Only the LC filter is connected.

3) Both the LC filter and the APF are connected.

Moreover, Table III summarizes the test results of main har-
monic percentage in the source current with the help of power
analyzer HIOKI3166. In Table III, the fundamental current of
the nonlinear load current (8 A) is chosen as the base value of
current. The waveforms are recorded by the digital oscilloscope
DPO3034.

Voltage sensor 1

Bidirectional control |

APF Current sensor 1 T ¢ ’jl
Y ©

1 =
T =

YYY Voltage sensor 2

L Current sensor 2 P——
| PWM driver |

YYY -
I
| |
| PWM |
| generator |
I v I
I ) I
| . . o IFs5 . | .
| EAPF.xef Weighted [*— Harmonic L ir
| sum method |e—"Z detection |
| |
| QT QT |
| |
| 05 « | UL
: PI i 5, | Formula (22) I uc
| |
|
|

Fig. 16. Hardware implementation of ATHPF.

From Fig. 17(a) and (b), it can be observed that the total har-
monic distortion (THD) of the source current reaches 25.5%
when no filter is connected. The source current waveform is
approximately a square wave with rich harmonics. Apparently,
serious distortion exists in the source current, and the third,
fifth, and seventh harmonic currents in the power system
reach 20.0%, 11.6%, and 7.6%, respectively, as presented
in Table III.

From Fig. 17(c) and (d), it can be seen that the THD of
the source current is reduced to 8.9% when only the LC filter
is added. The third harmonic current is reduced considerably.
From Table III, we can obtain that the third, fifth, and sev-
enth harmonic currents are reduced to 3.0%, 7.9%, and 5.6%,
respectively.

From Fig. 17(e) and (f), it can be seen that the THD of the
source current further decreases to 4.8% when APF is added,
indicating that the whole ATHPF system works. The source
current waveform approaches to a sinusoidal wave with the
third, fifth, and seventh harmonic currents decreased to 3.0%,
1.6%, and 1.3%, respectively. This indicates that the proposed
bidirectional control principle exhibits excellent performance in
eliminating multiple selective harmonic currents.

It is noteworthy that the third harmonic current caused by
the nonlinear load is mainly suppressed with the help of the LC
filter whose resonant frequency is around the third harmonic
frequency. The fifth and seventh harmonic currents are mainly
suppressed by ATHPF with the bidirectional control principle.

In addition, it can be seen that the fundamental component of
the source current with the LC filter connected becomes larger
compared to that without any filter added. This phenomenon is
caused by reactive power produced by the LC filter. In fact, the
power factor of the diode rectifier with resistance—inductance
load is high and only little reactive power exists in the nonlin-
ear load. Therefore, the reactive current caused by the LC filter
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Fig. 17. Filtering performance of ATHPF with active tuning control. Waveform (a) source current without filter added. Waveform (b) Spectrum of source current
without filter added. Waveform (c) Source current with only the LC filter added. Waveform (d) Spectrum of source current with only the LC filter added. Waveform
(e) Source current with the whole filter added. Waveform (f) Spectrum of source current with the whole filter added.

flows into the power system, leading to the increase in funda-
mental component in the source current when the LC filter is
connected.

B. Experiment of Flexible Protection Against Harmonic Over-
Current

In the test system of flexible protection against harmonic
over-current, the harmonic over-current phenomenon is sim-
ulated by switching ON/OFF the load resistance of the diode
rectifier. When the load resistance is switched to 30 €2, the rms
values of nonlinear load current and source current with ATHPF

working are 4 and 7 A, respectively. Besides, when the load
resistance is switched to 15 €2, the rms values of nonlinear load
current and source current with ATHPF working are increased
to 8 and 10 A, respectively.

Figs. 18 and 19 illustrate the waveforms in the following two
cases. One is the case in which the harmonic over-current is
not considered and the other is the case in which the harmonic
over-current is considered. In the former case, the filter detun-
ing references for the fifth and seventh harmonics are always
set as zero in the bidirectional principle illustrated in Fig. 12. In
the latter case, once the harmonic over-current occurs, the fil-
ter detuning references for the fifth and seventh harmonics are
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TABLE III
MAIN HARMONIC PERCENTAGE IN SOURCE CURRENT

Load Source current Source current with
current with the LC filter the whole ATHPF
Fundamental 1 1.25 1.25

3rd (%) 20.0 3.0 3.0
Sth (%) 11.6 7.9 1.6
7th (%) 7.6 5.6 1.3
9th (%) 5.6 3.9 3.9
11th (%) 4.0 2.5 2.5
13th (%) 2.9 1.4 1.4
THD (%) 25.5 8.9 4.8

Ir (TA/div)  I5 (10A/div) I, (10A/div)

Time (20 ms/div

Fig. 18. Current waveforms without harmonic over-current protection when the
load resistance is decreased.

Ir (7A/div)  Is (10A/div) I (10A/div)

Time (20 ms/div)

Fig. 19. Current waveforms with harmonic over-current protection when the
load resistance is decreased.

continuously adjusting until the fifth and seventh harmonic cur-
rents flowing into ATHPF reach the permissible values of the
fifth and seventh harmonic currents flowing into the filter.

In Figs. 18 and 19, the waveforms from the top to the bottom
are load current, source current with ATHPF added, and filter
current, successively. Table IV presents the main harmonic con-
tents of the source current and filter current in Figs. 18 and 19
after the occurrence of harmonic over-current.

In Figs. 18 and 19, when the load resistance of the diode
rectifier is 30 €2, namely before the occurrence of the fifth
and seventh harmonics over-current, ATHPF exhibits satisfac-
tory filtering performance. Test results acquired by HIOKI3166
show that the attenuation factors of the source harmonic cur-
rent Ig5/I5 and Ig7/I7 are 0.14 and 0.17, respectively.

TABLE IV
COMPARISON BETWEEN ACTIVE TUNING AND BIDIRECTIONAL CONTROL
OF MAIN HARMONIC IN THE SOURCE CURRENT

Current with
bidirectional control

Current with active
tuning control

Lod
current (A)  Source Filter Source Filter
current (A)  current (A)  current (A)  current (A)

Funda-
mental 8.0 10.0 5:25 10.0 525
3rd 1.60 0.24 1.36 0.24 1.36
Sth 0.93 0.13 0.80 0.43 0.50
7th 0.61 0.10 0.51 0.41 0.20
9th 0.45 0.31 0.14 0.31 0.14
11th 0.32 0.20 0.12 0.20 0.12
13th 0.23 0.11 0.12 0.11 0.12
THD (%) 25.5 4.8 31.9 75 28.2

The ATHPF succeeds the expected purpose to simultaneously
eliminate the fifth and seventh harmonic currents before the
occurrence of harmonic over-current.

In Fig. 18, when the load resistance of the diode rectifier
is switched from 30 to 15 €, the fifth and seventh harmonic
currents flowing into ATHPF finally reach to 0.80 and 0.51 A,
respectively, as presented in Table IV. It can be seen that the
fifth and seventh harmonic currents are over the limitations 0.50
and 0.20 A at this moment, thus causing the fifth and seventh
harmonic over-current occurrence.

However, in Fig. 19, when the load resistance of the diode
rectifier is switched from 30 to 15 €, the filter detuning ref-
erences for the fifth and seventh harmonics start to increase
gradually. As a result, the fifth and seventh harmonic cur-
rents in ATHPF eventually decreased to the limitations 0.50
and 0.20 A, as presented in Table IV. This indicates that
ATHPF with the bidirectional control principle contributes sig-
nificantly to the protection against harmonic over-current of
ATHPF.

In particular, combining the data in Table IV with the
waveforms in Figs. 18 and 19, we can find that the source
current in Fig. 19 is becoming worse compared with that in
Fig. 18 at the occurrence of harmonic over-current. This is
because the additional fifth and seventh harmonic currents
flowing into the ATHPF are forced to inject into the power
system.

Fig. 20 illustrates the current waveforms when the load
resistance of the diode rectifier is switched back from 15 to
30 Q. The waveforms from the top to the bottom are load
current, source current, and filter current, successively. From
Fig. 19, we draw such conclusion that the ATHPF employ-
ing the bidirectional control principle can return to satisfac-
tory filtering performance after the disappearance of harmonic
over-current.

Additionally, from Figs. 18 to 20, it can be observed that
the whole regulation process has not only quickly dynamic
respond performance but also a nonovershoot characteristic. All
the above experimental results have validated the feasibility and
effectiveness of the proposed bidirectional control principle in
selective harmonic elimination and flexible protection against
harmonic over-current.
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Fig. 20. Current waveforms when the load resistance is increased.

VII. CONCLUSION

This paper has proposed a bidirectional control principle

of

ATHPF intended for selective harmonic elimination and

flexible protection against harmonic over-current.
Theoretical analysis and experiments developed in this
paper have both verified the viability of the proposed bidi-

rec

tional control principle of ATHPF. Only a single-phase

ATHPF based on the bidirectional control principle is dis-
cussed in detail in this paper. The realization of three-phase
ATHPF could be easily accomplished by employing the same
principle.

This paper has mainly led to the following conclusions.

1) The bidirectional controlled ATHPF without source cur-

2)

3)

4)

(1]

(2]

(3]
(4]

rent or load current information is more suitable for the
smart grid or microgrid with distributed nonlinear loads
and distributed generation.

The ATHPF employing the bidirectional control principle
attains a selective rather than global harmonic elimination
with filtering performance independent of the deviation of
passive filter parameters.

The bidirectional control principle can realize the flexible
protection against harmonic over-current without losing
harmonic elimination and reactive power compensation
at the occurrence of harmonic over-current, whereby
improving the operation reliability of ATHPF.

For three-phase ATHPF, the bidirectional control princi-
ple employs the split-phase independent control method
with compensation performance immune to the filter
parameters unbalance.
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