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ABSTRACT The passive filters are widely used in the harmonic control of traction power supply system.
However, high-speed trains have many types and frequent working conditions, which result in random
dynamic characteristics of the harmonic spectrum of the trains. Moreover, the rapid change in harmonic
injection position leads to changes in the harmonic transmission characteristics of the system. So it is
difficult for passive filters to fully compensate the harmonics. Meanwhile, the existing method adopts
an approximate tuning-frequency calculation formula, which makes it difficult to accurately control its
filtering performance. First of all, by deriving an accurate tuning-frequency expression, this study reveals
the influence of component parameters on the tuning-frequency and the possibility of tuning-frequency
disappearance. Subsequently, based on the impedance-frequency index, which can describe the overall
distribution of harmonics, the improved firefly algorithm is used to obtain a robust optimization design
of the parameters of the C-type filter. The calculation example analysis shows that the proposed scheme has
strong adaptability to harmonic random dynamic characteristics and a better filtering effect than the existing
design methods, which is more suitable for a traction power supply system with strong harmonic random

dynamic characteristics.

INDEX TERMS Traction power supply system, harmonics, c-type filter, robust design.

I. INTRODUCTION

With the rapid development of large-scale high-speed rail-
ways in China, the harmonics and resonance of high-speed
railway traction power supply systems (TPSS) are increas-
ingly serious. On the one hand, Harmonic will cause the
increasing system loss, insulation aging of equipment and
interference the communication lines [1]. On the flip side,
there will be severe harmonic resonance in the specific fre-
quency, which will lead to resonance overvoltage, affect-
ing the normal operation of equipment and even burning
the equipment. For example, When the Guzhen Substation
supplied power to Bengbu depot on the Beijing-Shanghai
High Speed Railway in 2011, resonant overvoltages occurred
many times, which resulted multiple main circuit breaker
trips and caused lightning arrester damage [2]. Therefore, the
suppression of TPSS harmonic and resonance is extremely
important.
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Passive filter is a high performance-price ratio harmonic
control equipment for TPSS. Among them, C-type filter with
the low fundamental power loss and high pass filtering effect
is widely applied. In [3], the C-type filter is used to improve
the load capacity of transformer in the non-sinusoidal condi-
tion. The C-type filter is earliest used to the harmonic control
of TPSS in [4]. There is an application for single-tuned filter
and C-type filter to suppress the harmonic of TPSS in [5].
A thyristor-controlled C-type filter for TPSS is proposed,
which has better reactive power compensation effect, in [6].
Except TPSS, the C-type filter is also used to the har-
monic control of arc furnace [7], high voltage direct current
transmission system [8] and adjustable speed system [9].
What’s more, the anti-resonance C-type filter is proposed
in [10], [11].

So, C-type filter is used widely in harmonic control.
But all articles above consider that the C-type filter has
tuning-frequency [3]-[11]. The filter has a better filtering
effect on harmonic corresponding to the tuning-frequency.
However, we find out that the tuning-frequency may not exist.
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Meanwhile, most of articles use an approximate tuning-
frequency formula, which will cause the actual tuning-
frequency to deviate from the expectation. Therefore, the first
contribution of this work is to obtain the accurate tuning-
frequency formula of the C-type filter.

In addition, the passive filter has a poor dynamic filtering
effect. However, due to the multiple type of trains and work-
ing conditions, the harmonics of TPSS vary greatly. There-
fore, based on the impedance-frequency index (IF) proposed
in [12], the second contribution of this work is to propose
a robust optimization design scheme, which make C-type
filter more adaptable to great harmonic changes to its filtering
effect more stable.

Finally, the effects before and after adopting the C-type
filter designing by this article are compared for the four
typical harmonic spectrums of TPSS, which can verify the
superiority of the method.

Il. HARMONIC MODEL OF TPSS

A. ALL-PARALLEL AT POWER SUPPLY SYSTEM

The all-parallel AT (Auto-Transformer) power supply sys-
tem is widely used in China, which has the advantages of
strong current carrying capacity, long power supply dis-
tance and small voltage loss [13]. The structure of this
system is shown in Fig.1, which is mainly composed of
TSS (Traction Substation), ATP (Auto-Transformer Post),
SP (Section Post) and traction network. The traction network
consists of up T line (Ty), down T line (Tq), up F line (F),
down F line (Fg), and R line (up and down R lines can be
combined) [14].

The electrical parts of the TSS are mainly traction trans-
formers, feeders, and cables connected to the traction net-
work. For connection type of traction transformers, this arti-
cle focuses on the widely used V/x type, which can increase
the voltage level of the power supply arm, reduce the negative
sequence voltage, and save the investment of AT in TSS [15].
The AT is used to connect the same line (like T, and Fy;). The
modeling method are illustrated in [16].

B. CHAIN MODEL OF TRACTION NETWORK

Traction network is a long-distance distributed parameter
circuit, which is usually divided into N segments, containing
N —+ 1 cross-sections in total. There are five nodes in each
cross-section, corresponding to five lines [17]. There is a seg-
ment between the two cross-sections, which can be regarded

a arm | ﬂ B arm
LT,

ATP cable ATP Sp

o=

R4

Fq

FIGURE 1. Structure of all-parallel AT power supply system.

as a lumped parameter circuit. Through the phase-to-mode
transformation, the I1-type equivalent circuit of one segment
traction network is derived in [18]. And its node admittance
matrix is shown as
zZ '+ L -z;!
Y= 2 % M
N A i =
2

where: Z1, and Y, are the equivalent reactance and the equiva-
lent admittance matrix of one segment traction network. And
both are square matrices. The chain IT type equivalent circuit
of the entire traction network is shown in Fig.2.
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FIGURE 2. Chain II-type mesh structure of fully parallel AT power supply
system.

It can be seen from the Fig.2 that there is a common cross-
section between two adjacent segments. Consequently, the
nodal admittance matrix of entire system is composed of
the nodal admittance matrices of each segment, which are
sequentially added along the diagonal, as (2), shown at the
bottom of the page.
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FIGURE 3. Norton harmonic model of train.

C. NORTON MODEL OF TRAIN BASED ON

MEASURED DATA

The Norton harmonic model of train is illustrated as Fig.3.
And it can be expressed as follow:

Ic =Is + YrUrg 3

where: Ig is the measured harmonic current phasor. I¢ is
the equivalent harmonic current source. Y7 is the equivalent
admittance of train. Urg is the measured harmonic voltage
phasor.

In this paper, the least square method is adopted to fit the
measured harmonic data of CRH2A to obtain its harmonic
Norton model.

IIl. HARMONIC CHARACTERISTIC AND CONTROL
SCHEME OF TPSS

A. HARMONIC DYNAMIC CHARACTERISTIC OF TRAIN

The harmonic source of high-speed railway TPSS includes
the trains and the background harmonic from 220kV/110kV
power system [19].

The PWM controlled AC-DC-AC drive mode is usu-
ally adopted in the train, which will produce characteristic
harmonics near the switching frequency and its multiples.
The characteristic harmonics generated by CRH2A, whose
switching frequency is 1250Hz, is analyzed in [20]. When
the fundamental current changes in the range of 10~230A,
the HVR (Harmonic Voltage Ratio) of the 51st harmonic
changes in the range of 26%~2%. So it can be seen that
the characteristic harmonics will change with changes in
type and operating condition of trains. For example, there
are CR400BF, CRH380A, CRH380B, CRH3A, CRH3A, and
CRH2A running in the Chengdu-Chongqing high-speed rail-
way. In addition, the characteristic harmonics will Random
fluctuate more severely, taking the condition of railway, the
marshalling and other influencing factors into account.

B. RESONANCE DYNAMIC CHARACTERISTICS OF TPSS
In the harmonic propagation process, when the impedance
of certain harmonics of the inductance and capacitance is
equal, the harmonic resonance will occur, which will induce
the harmonic amplification. Since the position of train is
dynamic, resonance characteristics of TPSS will also change.
The model of TPSS is shown in Fig.1. Taking the SP of
o arm as the coordinate zero point. The coordinates of the
five stations are 0, 13, 30, 47, and 58 km. The lengths of
the cables connecting the feeder (T, Tg, Fy and Fg) and the
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TABLE 1. Parameter table of TPSS.

Parameter Value
Short-circuit capacity 2GVA
Power system
Rated voltage 220 kV
Rated power 40x2 MVA
Traction Rated voltage 220/27.5kV
transformer Short-circuit voltage 11.95%
Short-circuit losses 113.2 kW
Rated voltage 27.5kV
AT in ATS Rated power 32 MVA
and SP Short-circuit voltage 1.6%
Short-circuit losses 57.3 kW
Ground wire Ground resistance 100 Q
Switching Frequency 1250 Hz
Resistance 3.8Q
CRH2A Train Rated voltage 25kV
Rated power 4.8MVA
Power factor 0.99
102 10°
a Mode 1: 20pu
o 8 Mode 2: 21pu
E Mode 3: 91pu
Qo[
o
q,
E4r
2]
Zof
2 L

o
(=)

20 40 60 80 100
Harmonic order/pu

FIGURE 4. Modal analysis result graph.

traction network are 0.2, 0.5, 0.6 and 0.7 km. And there is
a CRH2A train in o arm. The other parameters of TPSS are
shown in Table 1.

The modal analysis result graph of TPSS (the position of
train is 21 km) is shown in Fig.4 (per unit is 50Hz). The
three most critical modes are shown in the figure. And each
mode represents a potential resonance state of the system.
Each mode has two parameters, modal frequency f,, and
modal impedance Z,,. f;, represents the resonant frequency,
and Z,, is equivalent to the harmonic amplification factor.
The main resonance frequency is the f;, corresponding to the
biggest Z,,. And this curve is also a harmonic amplification
curve.

The modal analysis results of train at different position are
shown in Table 2. It can be seen from the table that:

1) When the train at different power supply arms, the main
resonance frequency varies slightly due to different parame-
ters such as cables and lines.

2) The train in different position has little influence on
fm» and has great influence on Z,,.

Since the odd-order harmonic content is much larger
than the even-order harmonics, although the Z, of the
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TABLE 2. Model analysis results table of train at different position.

10 km 21 km 38 km 54 km
oftrain  fu  Zw/kQ fu  Zw/KkQ  fu  Zw/kQ  fu  Zw/kQ
Model 20 608 20 806 21 1052 21 1135
Mode2 21 259 21 266 20 353 20 356
Mode3 91 2.4 91 2.3 90 3.7 90 3.7

Position

2.5

00 10 20 30 40 50 60 70 80 90 100
Harmonic order/pu

FIGURE 5. The typical harmonic spectrum of TPSS and power system
connecting node (A phase).

20th harmonic may be larger than the 21st harmonic, the
harmonic resonance of the 21st harmonic is still more serious.
It can be seen from the Fig.5. And the 91 harmonic is the
same. In addition, due to the characteristic harmonic (near
the 51st harmonics) of CRH2A train, the harmonic contents
near 51st are also relatively high.

C. SUMMARY OF HARMONIC DYNAMIC
CHARACTERISTICS

To sum up, considering the working conditions and position
of train, the harmonic dynamic characteristics of the traction
power supply system are (taking the above system as an
example):

1) The main resonance frequencies are 21st and 91st, and
are basically not affected by the position of the train.

2) Z,, corresponding to the main resonance frequency is
greatly affected by the train position. So when the train is
running, the harmonic content changes significantly.

3) The characteristic harmonics are greatly affected by the
train working conditions.

D. COMMON HARMONIC CONTROL SCHEMES OF TPSS
The harmonic suppression schemes include APF (active
power filter), PPF (passive power filter) and adjusting system
parameters to change resonant frequency [17].

Due to the harmonic dynamic characteristics of TPSS, APF
with dynamic filter effect is the best scheme. But compared
with PPF, APF has higher equipment and maintenance costs.
In addition, the harmonic problem of TPSS in China is
not serious. So PPF is widely used in the harmonic control
scheme of TPSS in China.

According to the connection way, PPF can be divided into
two types: series and parallel. The series PPF include L, LC,
LCL, LLCL and so on [21], which are shown in the Fig.6.
This type PPF with good high-frequency filtering effect is
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FIGURE 6. The structure of series PPF (a) L, (b) LCL (c) LLCL filter.
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FIGURE 7. The structure of parallel PPF (a) single tuned, (b) first-order,
(c) second-order, (d) third-order, and (e) C-type filter.
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often used to suppress high-frequency harmonics generated
by grid-connected inverters. However, in the inverter control
design, the inductance and capacitance of the filter will be
considered, making its design is more complicated than the
parallel filter [22], [23].

The structure of parallel PPF is shown in Fig.7. First of all,
the parallel PPF only needs to be connected in parallel, which
makes its installation easier and has less impact on the system
than the series PPF. Secondly, it can be seen from the above
that the TPSS have obvious resonance frequencies. And the
parallel filters such as single-tuned, double-tuned and C-type
filters have a tuned frequency, which has a better suppression
effect on harmonic resonance. Single-tuned filters and C-type
filters are also widely used in the harmonic control of TPSS.
It can be known from the Fig.5 that the frequency band of
TPSS is wide. Therefore, compared with single-tuned filter,
the C-type filter with zero fundamental power loss and high-
frequency filtering effect is more widely used.

But most of extant filter design methods determine the
parameters by mitigating the harmonic with the highest HVR.
Due to the harmonic dynamic characteristics of TPSS, these
methods usually do not achieve the desired filtering effect.
So it is necessary to study a filter design method that is more
adaptable to the random dynamic harmonics.

IV. AN EXTANT DESIGN SCHEME OF C-TYPE FILTER

The filters of TPSS are usually installed on the secondary side
feeders (Ty, Tg, Fy and Fp) of the traction transformer, which
means that four sets of the same filter are required. In addi-
tion, their reactive power output should satisfy the require-
ments of reactive power compensation. Thus, the capacitance
C of C-type filter in Fig.4 (e) can be expressed as following:

Q

= —— 4
41 U? @)
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where: Q is the reactive power compensation required by
system. w; is the fundamental angular frequency. U is the
rated voltage of feeder.

The Cy and L; can be obtained by (5) and (6) in [5].

Ci = (k2 —1)C Q)
1

L = 6

1 o2, (©)

where: k, is the order of tuning-frequency.

»

Io(k) 1y b
A A
<> L 7, Lz, Filter
(a) (b)

FIGURE 8. The diagram of system (a) before the connection of filter,
(b) after the connection of filter.

The diagram of system after the connection of filter is
illustrated in Fig.8. And Iy(k) is expressed by (7).

lo(k) = 1(k) +Ip (k) = I(k) + 1(k)ZegYF )

where: Iy(k) is the harmonic current before the connection
of filter. (k) is the harmonic current after the connection of
filter. Io(k) and I (k) are the harmonic current measured in the
secondary side of traction transformer. Yr is the equivalent
admittance of filter. Z., is the equivalent impedance of the
system. k is the order of harmonic frequency, which is an
integer greater than 1.

The filter index A(k) is the ratio of the harmonic current
after and before the connection of filter. In addition, the Z,
and Yr can be expressed as Z,; = Rey + jXeq and Yrp =
Gr + jBr. When the order of harmonic is high, X.; > Ry
and Gr > Br. So the following equation can be obtained [4]:

I(k) 1 N 1
Io(k) B 1+ ZeqYF 1 +leqGF

It can be seen from (8) that the smaller A(k), the smaller
harmonic current after filter access, the stronger filter effect
and A(k) is inversely proportional to Gr.

The formula of equivalent conductance Gr of C-type filter
is illustrated in (9).

Alk) =

®)

R3X?. + RX}
F = 2
R2X} - + [R2(Xpe — Xo) — XX

®

where: Xy ¢ is the equivalent impedance of the branch of C;
and L1. Xy c = (X1 — Xc1)-

By setting the derivative of G in terms of R equal to zero,
the extreme values Rp of G can be obtained like (10).

Ry=+—""1_ (10)
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When R tends to O or infinity, the limit of G is 0. |R,]| is
value of R for which Gr is maximum. At this point, G is
the largest and A(k) is the smallest, which means the filtering
effect of the filter is the best.

It should be noted that A(k) represents the filtering effect in
a specific harmonic. knmayx is frequency order with the highest
HVR. When designing the filter parameters, k is kmax. But
in the condition that kny,x is variable, the filtering effect will
decrease.

V. IMPROVED DESIGN SCHEME OF C-TYPE FILTER
There are three problems in the design scheme of section I'V:
1) Equation (5) is obtained by (11). But (11) is established
when the filter resistance R is infinity,which means all the
current flowing through C passes through the branch of L
and C;. Because the R can not be infinity, the (5) is an
approximate formula. Therefore, the filter designed by (5)
has a deviation from the expectation and even no tuning-
frequency. However, almost all studies on C-type filters in
the introduction are based on (11).

X1 —Xc1—Xc =0 (1D

2) The optimal selection of parameters is based on the A(k).
When the harmonic spectrum of the system changes severely,
especially when the harmonic frequency with the high-
est HVR changes, the filtering effect will be significantly
reduced.

3) A(k) reflects the filtering effect of the filter installation
position. But the filter of TPSS is generally installed on the
secondary side of the traction transformer. However, it is
paid more attention to the harmonics of the coupling point
between the power system and TPSS. The harmonic suppres-
sion scheme based on A(k) may not be an optimal scheme for
the coupling point.

Therefore, this article will accurately derive the tuning-
frequency expression of the C-type filter. What’s more, the
IF is introduced, which can reflect the overall harmonics at
the coupling point. Based on these, a more robust filtering
scheme is proposed.

A. DERIVATION OF TUNING-FREQUENCY
In a series circuit composed of an inductor and a capacitor,
when the capacitive reactance and the inductive reactance
are equal at a certain harmonic order, the reactance of the
circuit is 0. This situation is called series resonance. The
parallel resonance is the same, but the reactance of the circuit
is co. The resonance frequency of filter circuit is also called
as tuning-frequency. The tuning-frequency of C-type filter is
discussed below by the mathematical model.

Setting the impedance of filter Zr = Rr + jXF, they can
be expressed as following:

R>X; ci RX?
F=—— 5 —Xe, Rr=—"t4— (12
R+ Xiex R+ Xier
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For the zero fundamental power loss, (6) still holds. Setting
C1 = aC and substituting it into (6), (13) can be obtained.

1
L =—— 13
: a)%ocC (13)
Xi.cr 18 Xz c in the k-order harmonic, which is expressed as:
(k—k™h)
Xpek = —Xc¢ (14)

where: X¢ is the fundamental reactance of capacitor C
(Absolute value). i.e., X¢c = 1/(w1C).

By substituting the (14) into (12), we obtain:

(@R*Xc —X2)k* — [a(o + DR*X¢ — 2X2 | k> — X}
B X2kS + (2R — 2X2)k3 + X2k

F

(15)

For the denominator of Xr (discussing the poles of Xr),
when the pole k, is in the interval (1, 00), XF will have a
maximum, and k,, corresponds to the order of parallel tuning-
frequency. Near k), the filter has almost no filtering effect.
Therefore, it should be avoided during parameter design.
Setting the largest pole less than 1, that is shown as (16).

—(a2R? — 2X}) + R,/ a®R? — 4X}
2
2X2

Solving (16), the condition of the largest pole less than 1 is
that X¢ > 0. So there must be no parallel tuning-frequency
for C-type filter.

For the numerator of Xy (discussing the zeros of Xr),
when the zero k; is in the interval (1, 0o), XF will have a
zero value, and k; corresponds to the order of series tuning-
frequency. Near k_, the filter has best filtering effect. So the
parameter design should ensure the existence of the series
tuning-frequency.

In the case that the quartic coefficient is greater than 0, the
following can be obtained easily.

o > X—g < R > LX 17
R? o ¢

7

According to the Vieta theorem, the relation of two roots
is expressed as following:

kp =

<1 (16)

X¢
aR? — X2

It can be known from (18) that there are a set of conjugate
zeros and a set of opposite zeros. Therefore, there must be a
zero in the interval (0, 00), when & > (X¢/R)%. The curve of
Xr numerator in this case is shown in Fig.9(a).

But £ is in the interval (1, c0), the above conclusion is not
sufficient. Therefore, it is required to discuss the existence of
zero in the interval (1, 00).

The zeros k; can be expressed as following:

kiks = — <0 (18)

ala + DR? — 2X2% £ aR,[a2(a + 1)2R? — 4X2
2(aR? — X2)

k, =
(19)
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FIGURE 9. The curve of X numerator changing with k when (a) « >
(Xc/R)? and (b) @ < (X¢/R)2.

Setting k; > 1, (20) can be obtained.

1
R>—X 20
> Jac (20)
It can be reflected from (17) and (20) that in this case,
there must be a series tuning-frequency for C-type filter.

Transforming (19), the expression of « can be obtained as

following:
(k2 — D(kR + /K2R — 4X2)
a= 21
2k;R
It should be noticed that:
k2R — 4X2 > 0 (22)

In the case that the quartic coefficient is less than 0, the
following can be obtained easily:
Xé R ! X (23)
<—=&R< —
YR Ja ¢
But when k£ = 0, the value of the numerator is —Xg < 0.
So the zeros must be on the negative semi-axis of k, like
Fig.9(b). Therefore, in this case, there must be no tuning-
frequency in the interval (1, co). The curve of Xr changing
with k is shown as Fig.10.

-+

X/
XA/ @

|
|
|
|
|
|
|
|
k:

0 k 0 k

(a) (b)
FIGURE 10. The curve of X changing with k when (a) « > (X¢/R)? and
(b) « < (X /R)*.

The expression of equivalent resistance Rr is shown as
following:

RXZ (k> — 1)
 X2k4 4 (02R? — 2X2)k% + X2

Rp (24

The discussion of Ry denominator is the same as Xr. It can
be seen that in fundamental frequency Rr = 0 which means
the fundamental power loss is zero. What’s more, X in the
high frequency is almost zero. So the equivalent resistance R
at high frequency has a greater impact on the filtering effect.
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FIGURE 11. System diagram after C-type the connection of filter.

B. IMPEDANCE-FREQUENCY INDEX

The system diagram after the connection of C-type filter
is illustrated in Fig.11. According to the installation posi-
tion of the filter, it can be known that Zg; includes the
impedance of the traction transformer and power system. And
Z1) includes the impedance of the traction net and train. In the
k-order harmonic, there are equations as following [12]:

_ Uskc(Zrx + Zpi) + I (ZrxZik)

I =
Zsk Zpx + ZskZik + ZpxZyk (25)
Uik = Usk — IskZsy

Transforming (25), the (26) can be obtained.
I _ Z
I Zsk
where: Ig; is the k-order harmonic current of power system.
I1 is the k-order load harmonic current in the secondary side
of traction transformer. Z; is the k-order harmonic impedance
of whole system. It can be expressed as following:
. Zsk Zri Zik
- ZsZrk + ZsiZik + ZaZix
It can be seen from (27) that when I, is constant, the
smaller Z, the smaller I flowing to the power system side,
and the stronger filtering ability of the filter. Therefore, IF is
introduced as (28):

(26)

Z 27)

IF = Z 1Z | (28)
k=1

where: 7 is the maximum harmonic order cared.

Because IF considers all cared harmonic orders, the overall
filtering effect designed with IF will be better than the pre-
vious scheme. What’s more, it is relatively less affected by
changes in the harmonic spectrum.

VIi. HARMONIC CONTROL SCHEME FOR TPSS
A. PARAMETER DESIGN OF THE TWO SCHEMES
According Table 1, the rated traction power of CRH2A train is
4.8MVA, and the power factor is 0.99. According to (4), it can
be calculated that C = 0.72uF. According to Section III,
the system has high harmonic resonant at the 21th harmonic.
Thus, the tuning-frequency order is selected as 21th. Accord-
ing to (22), it can be obtained that R > 442.12.

It can be known form (24) that Rr will approach R in the
high frequency. So the bigger R, the worse high frequency

47788

filtering effect. Therefore, the result of the optimization algo-
rithm must be close to the lower limit, and a higher upper
limit will increase the calculation amount of the optimiza-
tion algorithm. According to a large number of optimization
calculations, it is most appropriate to select the upper limit
as 1.1~1.2 times than lower limit. So The value range of
R is (442.1, 500].

Combining (13) and (21), the expression of Zr chang-
ing with R can be obtained. Then substituting Zr into (27)
and (28), the expression of IF changing with R can be get.
Since it is a nonlinear equation with constraints, this paper
uses an Firefly Algorithm (FFA) to find the optimal solution
of the R [24]. This algorithm is based on following concepts:
each firefly is attractive, whose attraction is proportional to its
brightness and inverse proportional to the distance. In addi-
tion, the fireflies will move towards another firefly which is
most attractive to it. The algorithm is as following:

Each firefly is a solution. The attraction A;; of firefly i to
firefly j is expressed as:

Aj = Bie Vi (29)

where: B; is the brightness of firefly i, which is proportional to
the objective function. y is the absorption coefficient, which
indicates how the attraction between fireflies weakens with
distance. r;; is the distance between two fireflies, which is
expressed as:

M
rj= |y (k) — x;(k)) (30)

k=1

where: x; is the position of the firefly i, which is also the
variable of objective function. M is the dimension of variable.

Assuming the firefly j is the most attractive to firefly i, the
new position after it moving is expressed as:

x§+1 =x! +Afj(x§ — x]’-)mnd(O, 1) + mDrand(—1, 1)
(31

where: rand(a, b) is a random value within the range (a, b).
m is the mutation coefficient. D is the difference between
maximum and minimum. The superscript ¢ is the number of
iteration.

The number of fireflies is 50. The number of iteration
is 100. The mutation coefficient m is 0.01. The absorption
coefficient y is 0.8. When R € (442.1, 500], the FFA finds the
best value of R is 451.18€2.Substituting R, k;, and C into (23)
and (15) can obtain the C-type filter parameters.

For the original scheme, since the tuning-frequency is the
21th harmonic, the k of A(k) is selected as 91th to obtain the
best filtering effect on the 91st harmonic. The parameters of
the two schemes are shown in Table 3.

B. FILTER EFFECT ANALYSIS

The Rr curves of the two schemes are shown in Fig.12(a).
The equivalent resistance of the two schemes is 0 in the
fundamental frequency, which means the fundamental power
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TABLE 3. C-type filter parameter table.

Original Scheme Improve Scheme

k./pu 21
CIuF 0.72
CuF 287.3 172.4
L/mH 353 58.8
R/IQ 245.5 451.2
5000 Original scheme
40()l —_—— Improved scheme __ — — — — — T T
— -—
-
70 60 S0 100
(@)
Original scheme
-—— Improved scheme
40— = 60 80 100
(b

FIGURE 12. The (a) RF and (b) X¢ curves of the two schemes.

loss can be ignored. The X curves of the two schemes are
shown in Fig.12(b). It can be seen that there is no tuning-
frequency for the original scheme. So, the suppression effect
near the expected tuning-frequency will be worse.

According to the two curves it can be seen that Rr < Xr
in the low frequency. Therefore, Xr determines the low
frequency suppression effect, while the high frequency is
the opposite. So, the high frequency suppression effect of
the original scheme is better than that of the improved
scheme. However, because of larger R, formula (19) is estab-
lished, which reflects there is a zero for Xr at low frequen-
cies. Thence, the low frequency equivalent reactance of the
improved scheme is much smaller than the original scheme,
and its low frequency filtering effect is better than that of the
original scheme.

C. CASE ANALYSIS

Base on the model of TPSS in Section III, the above two
filter schemes are analyzed. In the following, the harmonic
spectrum is divided into three areas: low frequency area
(below the 25th harmonic), characteristic harmonic area
(near the 50th harmonic) and high-frequency area (above the
75th harmonic).

Based on Section III, when the train harmonics and system
harmonic amplification are different in the low and high fre-
quencies, the harmonic spectrums may be very different. For
example, when the train position causes the large amplifica-
tion of 21st and 91st harmonic but the train working condition
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causes small characteristic harmonics, the harmonic spectrum
will be shown like Case 1.

Case I: Before the connection of filter, the HVR of charac-
teristic harmonic is low, and the HVR of low-order harmonic
is higher than the high-order harmonic.

The harmonic spectrum of case 1 is shown in Fig.13. The
THD, (total harmonic voltage distortion) of the improved
scheme is lower than the original scheme. Therefore, the
filtering effect of the improved scheme is better.

2.57
No filter, THD=3.13%
o Original scheme, THD,=1.64%
Improved scheme, THD,=1.38%
§ 1.5F
T olr
" A/‘AM/\«
0 ! AN~
0 20 40 60 80 100

Harmonic order/pu

FIGURE 13. A-phase bus harmonic spectrum diagram (case 1).
Case 2: Before the connection of filter, the HVR of charac-

teristic harmonic is low, and the HVR of high-order harmonic
is higher than the low-order harmonic.

2r No filter, THD=3.17%
Original scheme, THD,=0.817%

1.5t Improved scheme, THD,=0.889%
X
g
sy

0.5r : !

0

0 20 40 60 80 100

Harmonic order/pu

FIGURE 14. A-phase bus harmonic spectrum diagram (case 2).

The harmonic spectrum of case 2 is shown in Fig.14.
In this case, since the HVR of 91th and nearby harmonics
is significantly higher than other frequency bands, and the
original scheme selects the minimum value of A(k) in the
91th harmonic. In this case, the filtering effects of original
scheme in the high frequency area and the overall are better
than the improved scheme. Therefore, When the HVR of the
selected area of A(k) is higher, the filtering effect of the
original scheme is better.

Case 3: Before the connection of filter, the HVR of char-
acteristic harmonic is higher, and the HVR of low-order har-
monic is higher than the high-order harmonic.

The harmonic spectrum of case 3 is shown in Fig.15.
This case is similar to case 1, and the filtering effect of the
improved scheme is better than that of the original scheme.

Case 4: Before the connection of filter, the HVR of char-
acteristic harmonic is higher, and the HVR of high-order
harmonic is higher than the low-order harmonic.
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2.57
No filter, THD=3.15%
2t Original scheme, 7HD,=1.352%
— Improved scheme, THD,=1.201%
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FIGURE 15. A-phase bus harmonic spectrum diagram (case 3).

2
No filter, THD,=3.14%
Original scheme, THD,=1.132%
1.57 Improved scheme, THD,=1.126%

0 20 40 60 80 100
Harmonic order/pu

FIGURE 16. A-phase bus harmonic spectrum diagram (case 4).

The harmonic spectrum of case 4 is shown in Fig.16. In this
case, since the improvement scheme has better characteristic
harmonic control effect than the original scheme, compared
with Case 2, the overall control effect of the two schemes is
basically the same

The filtering efficiency n [5] can be expressed as:

THD,
) x 100% (32)

= (1 —
n=0=7p,

where: THD,, is the THD,, after the connection of filter. THD),
is the THD,, before the connection of filter.

n can reflect the filtering effect. The more 7, the better
filtering effect. The THD before or after the connection of
filter and for each case is illustrated in Table 4.

TABLE 4. Summary table of THD and j for each case.

No filter Original scheme Improved scheme

THD/% THD/% n THD/% n
Case 1 3.13 1.64 47.60% 1.281 59.07%
Case 2 3.17 0.817 74.23% 0.889 71.96%
Case 3 3.15 1.392 55.81% 1.201 61.87%
Case 4 3.14 1.132 63.95% 1.126 64.14%

Except for case 2, the filtering efficiency of the
improved scheme is generally better than that of the orig-
inal scheme, and the filtering efficiency of the improved
scheme (62%~72%) is more stable than the original scheme
(47%~75%), which means that it is relatively less affected by
spectrum changes. Because the improved scheme guarantees
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the existence of the tuning-frequency, the filtering effect near
the tuning-frequency is better than the original scheme.

VIi. CONCLUSION

Based on mathematical derivation, this paper obtains the pre-
cise parameter design formula of C-type filter, and proposes
a robust optimization design scheme of C-type filter in TPSS
that takes into account the random dynamic characteristics of
harmonics. These conclusions are as follows:

1) When R is small, the tuning-frequency will deviate
from the expected value and even there will be no tuning-
frequency. Therefore, using an approximate tuning-frequency
calculation formula may result in the loss of the tuning-
frequency, and reduce the filtering effect near the tuning-
frequency.

2) The improved parameter design scheme ensures the
existence of the tuning-frequency, which will make R larger.
So the high-frequency suppression effect is slightly lower
than the original scheme. But due to the existence of the
low-frequency tuning point, the low-frequency equivalent
reactance is smaller than the original design, which causes
the better low frequency suppression effect.

3) Comparing the results of the four cases, it can be seen
that the filtering efficiency of the scheme in this paper is
higher than that of the existing methods, and the filtering
efficiency fluctuates less with the change of the frequency
spectrum. So its adaptability is stronger.
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