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Abstract: Electric traction trains are huge non-linear single-phase loads influencing
adversely on power quality parameters on the grid side. Hybrid power quality
conditioner (HPQC) has been utilized to compensate current unbalance, harmonics, and low
power factor in the co-phase traction system simultaneously. By incrementing the traction
load, the rating of the HPQC increases and may constraints its application. In this paper, a
C-type filter is designed to compensate for some part of the load reactive power while the
HPQC compensates the remaining part of the load reactive power. Hence, the capacity of
the HPQC is reduced in full compensation (FC) mode compared to the conventional
configuration. The satisfactory performance of the HPQC is associated with its DC-link
operating voltage. Therefore, the Genetic algorithm (G.A) is adopted to optimize the DC-
link voltage performance. Simulation verifications are performed to illustrate the usefulness
of the proposed configuration. The simulation results show an 18.86% reduction in the

rating of the HPQC with optimized DC-link voltage.
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1 Introduction

AILWAY electrification has been implemented in

many countries due to its high-capacity, high-
speed, and more reliability in transportation
systems [1, 2]. However, there are significant power
quality problems in electric railway systems, e.g., three-
phase voltage and current unbalance, low grid power
factor (PF), low total harmonic distortion (THD),
harmonic resonance and malfunction of relays, the high
temperature of transformers and motors [2, 3]. The
acceptable values of the power quality parameters have
been provided by the IEEE standards for various power
supply systems [4]. To overcome these issues, many
methods have been explored and investigated. Among
them, traction transformers such as V/v, Scott, Leblanc,
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Modified Woodbridge, and ABTT are connected to the
power supply to reduce the unbalanced system [5-8].
Unfortunately, because of the variable nature of the
traction loads, the unbalanced currents would be
remained and may not be compensated completely.
Other passive devices, e.g., single tuned, LC, and its
derivatives are used to compensate for the harmonic
currents generated by the trains. A C-type filter is
another passive filter that is used in the electric railway
to mitigate high-order harmonics caused by the train
converters [9-11]. The parameters of the passive filters
do not change when the load varies, while active filters
generate compensation currents with power-electronic
based switches dynamically. There are many proposed
active filters in prior studies. SVC [12] and
STATCOM [13] have been investigated, but the
harmonic distortions during their compensation method
remain. The next generation of static converters is then
introduced based on FACTS devices. One of them is
widely used in the electrified railway system is the
Railway static Power Conditioner (RPC) [14], which
can compensate three considerable power quality
problems (PF, harmonics, unbalanced system)
simultaneously. Various types of RPC, e.g., Active
Power Quality Conditioner (APQC) [15], Half-Bridge
Railway Power Conditioner (HBRPC) [16], Hybrid
Power Quality Conditioner (HPQC) [17], are then
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explored. The main problem of the RPC is the high
associated capacity to the converters and hence cost
limitations. Many methods are used to decrease the
rating of the converters. A TSC as the secondary device
has been used with the RPC to reduce its rating [18].
These low rating devices could compensate a part of the
compensation currents. The combination of magnetic
SVC and RPC has been proposed by Chen and
etal. [19]. An integration of APQC and SVC was
introduced in [20]. In addition, the LC branch in the
output of one phase of the RPC is added to reduce the
DC-link  voltage  with  similar  compensation
performances [21, 22]. These methods need an
integrated control strategy for main and auxiliary
compensators and increase the complexity of the control
unit [4]. The HPQC structure is then utilized in a co-
phase traction system with satisfactory
compensation [23, 24]. As described above, a C-type
filter performs as high-impedance for low-order
harmonics as well as it can be provided the reactive
compensation for the traction loads. In this paper, using
a C-type filter in the HPQC co-phase traction system is
introduced and investigated. The compensator
performance is extremely related to its operating
voltage. A PI controller is mostly used to correct the
DC-link voltage via the trial and error (T&E) method
[25]. To optimize the DC-link voltage of the HPQC, the
Genetic algorithm (G.A) is applied to the control system
for regulation of PI controller parameters. The part of
the reactive power compensation of the HPQC is
injected by the C-type filter. Therefore, the load PF is
corrected by the C-type filter and the capacity of the
HPQC is then reduced compared to the conventional
structure. In Section 2 the proposed configuration is
described. In Section 3, the principle of compensation
method with C-type filter and its capacity calculation
are analyzed. The control strategy based on
instantaneous power theory (PQ theory) is introduced in
Section 4. The simulation results are performed using
MATLAB/Simulink to show the usefulness of the
proposed scheme. Finally, a conclusion is made in
Section 5.

2 The Proposed Configuration in the Co-Phase
System

In Fig. 1, the proposed HPQC configuration with a C-
type filter is illustrated. In the co-phase traction system,
the neutral sections between the output supply feeders
are omitted [26]. Hence, the train can reach its
maximum speed in the railroad system. The traction
substation consists of two single transformers. Three-
phase voltages transform into two output phases with 60
degrees phase differences.

The traction loads are connected to ac phase while bc
phase remains unloaded. The HPQC includes two back-
to-back converters with four legs, in which each leg has
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Fig. 1 Proposed of the HPQC with C-type filter.

two IGBT switches. The LC branch is connected to ac
phase for DC-link voltage reduction. The two converters
of the HPQC operate in the same DC-link voltage [22].
By using the C-type filter in the output of ac phase, the
load reactive power compensation is provided, which is
described in the next section.

2.1 Compensation Principles of the HPQC With the
C-Type Filter

A vector diagram of the proposed configuration
without any compensation is depicted in Fig. 2(a). The
secondary currents of the transformer without
compensation considering load current (i) are as
follows:

i, =1
{ib =0 @

The grid-side currents can be easily obtained
concerning the transformer turn ratio (ko=1/k1=27.5/110)
as follows:

i, =k,i,
iy =i, =0 )

=i, =—K,i

a

By using Fortescue’s method of symmetrical
components, the negative sequence current (NSC) index
is obtained as follows:

I 11 l,

1 2
I, :51 a a'|| l,=0 (3)
] (1 a* allle=-l,
o] 1_ o I (1-a) i
I |==|(1-a%)1, | , ==-— —l=1
g T @
1] _(1_a)IA_
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Regarding (4), grid side currents unbalance is beyond
allowable constraints. The NSC index is practically
close to 1 with an unloaded phase. The higher value of
NSC can be adversely affected on voltage unbalance in
a low short-circuit power railway system. Therefore, the
system should be compensated to overcome the
unbalanced system properly. The vector diagram of a
compensation strategy using HPQC in FC method with
the C-type filter is shown in Fig. 2(b). The ac and bc
phase compensation currents are described as ica and icp.
In this section, these currents are obtained in full
compensation method (unity PF, harmonic-free and
balanced system) [21]. The load current is divided into
two components of the fundamental and harmonic
frequencies as follows:

Liq +iLh (5)

in which, i1, iLg, and i, refer active, reactive, and
harmonic load currents, respectively.

i, =iy, +i

VC IA: kzla
IB: Ib:O
lc=-1a= -kala
ko= 1/k;= 27.5/110

Gird current unbalanced
(NSC)=100%

Ve

@)

Ve

Gird current unbalanced
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(
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(b)
Fig. 2 Vector diagram of the proposed configuration:
a) Without compensation and b) Using HPQC and C-type
filter.
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A C-type filter has no fundamental losses compared to
other passive filters. Therefore, it can be used to
compensate for high-order harmonics and load reactive
power in the co-phase traction system. The effect of the
load reactive power compensation is considered by the
C-type filter. Through the vector diagram shown in
Fig. 2(b) and the following mathematical relations, a
reduction in the HPQC capacity as well as decreasing in
NSC index are verified. The capacitive current (lcap) is
obtained as follows:

i =21y, COS(at —30) (6)

The capacitive current to the reactive load current
ratio is defined as n factor that satisfies:

lca

——=n,0<n<1 @)

Liq

By substituting (7) into (6), the new reactive load
current is achieved as follows:

g e =V2(N=1)1,, cos(at —30 ) <i (8)

The part of the load reactive current is compensated
by the C-type filter while the load active current
remains constant. The new compensation currents
related to load PF are obtained as follows:

I, =1 u\/{(l—n)sin(acos(PFL ))+%PFL T +(%PFL jz

9)
1

1 1
lo =5 1PR, 1+[ﬁj =ﬁIL1PFL

It is observed that ica is reduced while i has no
change in the presence of the C-type filter. The
compensation current phase angles (6.. and 6q,) are
defined as:

6, =atan £%+ 2(1-n)tan (¢, )j

L |
Lip

, =atan| 2 1 =60 (10)
ﬁ I L1p

The 6c. gets a bit smaller, while the 6 remains
constant. After full compensation, 1. and I, are in phase
Va and Vg, respectively. Hence, the primary transformer
currents and grid NSC index can be calculated as
follow:

6.

Cl

iB :kzib (11)
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Fig. 3 The HPQC rating as a function of n factor.

Regarding (11) and Fig. 2(b), the grid-side currents
are symmetric three-phase currents reaching NSC index
to 1. Therefore, the system unbalance is fully
compensated in this method. The operating voltage of
the HPQC is considered as 0.8 p.u. of the Vac supply
phase [24]. The 6., variations are negligible in the range
of 0.8 <PF_<0.9 and do not affect the DC-link voltage.
Therefore, the output operation voltages of the
converters are the same. The rating of the HPQC is
reduced with the C-type filter compared to the
conventional structure. Fig. 3 shows the reduced HPQC
rating as a function of n factor. As can be seen, by
increasing the n factor, the reduction of the HPQC
rating is further increased. However, to prevent
overcompensation, the lower n values are appropriate.
The reduction of the HPQC rating using the C-type
filter is as follows:

Icaifinew < Icaif ' I :|

(Icaif _new + chip)

(Ica_f +ch_f )
vV, =cte for

chb _f _new ch_f

=k <1

0.8<PF_ <09 (12)

Conv.a (Ica_f _new + ch_f _new )

\Y
= =k <1
S pqc A\ (Icaif 1y o )

S HPQC _C —Filter

2.2C-Type Filter Design in Co-Phase Traction
System

The simplified circuit of the C-type filter is illustrated
in Fig. 4, in which, Xeq is the equivalent of the system
impedance seen by the filter. The C-type filter has no
fundamental losses compared to other passive filters.
This is the main advantage of this filter that
distinguishes it from other ones. The capacitor Cy, is so
designed for load reactive power compensation. To
avoid  over-compensation, the reactive  power
compensation by the filter should be lower than the load
reactive power consumption. Hence, the PF value and
the MVA of a unit train are assumed 0.9 and 5 MVA for
the filter design, respectively. Cy, is obtained as:

V 2
Qcap :Sload 1_PFL2 _>XCm =%
QCap

1
>C =—"— 13
" 2xf X (13)

grid “* Cm

where fgrig is the fundamental gird frequency. C, and L,
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Fig. 4 The C-type filter: a) The topology of the C-type filter
and b) The equivalent of the C-type filter at the tuned

frequency.

are adjusted at the fundamental frequency (Xin=Xcn),
bypassing Ry to inject reactive power with no filter loss.

The value of Cy is 9.1734 uF for 27.5 kV and 50 Hz
power supply system. Moreover, this high-pass filter is
tuned at the high-frequency order, and R, with Cpy
bypasses the parallel LC, branch at high-frequencies.
Consequently, the C-type filter acts as a first-order filter
at high-order frequencies. Regarding Fig. 4(a), the filter
impedances at high-order frequencies (h) are as follows:

X, (h)=haL, =hX
1 1
X (h)= =—X
Cn ( ) ha)lCn h Cn (14)

1
X :XLn :XCn ' me (h):Fme

The impedance of the C-type filter is simply derived

e 2EAT
£t
]

et Rf{x (h_ﬁﬂz e

At tuned hys frequency, Xc(hes) = 0 and the
equivalent of the C-type filter is considered as a pure
resistance Rc (hres) shown in Fig. 4(b). The maximum
permissible value of the injected current to the grid-side
power supply at hrs frequency is defined as lsys, which
could be obtained as:

Re (h)=

(15)

| pu _ RC (hres)
’ \/RC2 (hres )+(hresx eq )2
h X
_)RC (hres):& (16)

The Ry and X can be easily calculated according to (16)
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and (17) at tuned hyes as follows:

RE (e )+| 2
Rn — L "'res _|
RC (hI'ES)
- -2
7)
R (h, ) +| e
hres 1
x = = Cm
Xew [ _ L h
hres l * hTES

The C-type filter is tuned as a system resonance
frequency (23.3pu based on [11]). Assuming lss=0.3
p.u., the C-type filter parameters are listed in Table 1.
The extra resonance frequency point (fextrares) introduced
at the cross point of the filter and system impedances is
suppressed by the R, [11]. The switching frequency of
the train PWM converters is assumed to be around
4.5 kH. Then the value of R, is so designed that will be
satisfied:

{X Lon @ famm) = R0 = X L0 (@t f o)

(18)
956Q <R, <57.61Q >R, =40Q

3 The Control Strategy of the HPQC

The control diagram of the HPQC in the FC method is
presented in Fig. 5. The modified instantaneous PQ
theory in the co-phase system is applied to calculate the
instantaneous active and reactive power (p and q) of the
traction load. These powers are obtained by using Clark
transformer as given in (19), in which Vaq and g are
the 90 degrees lag of the Vac and Ipq, respectively.

{p :Vacl-L +Vacd I-Ld (19)
q=Vegll Vgl

The complexity in the control strategy is not required
using the C-type filter. Some part of the load reactive
power is compensated by the C-type filter, while the
HPQC compensates the remaining part. The active
power p can be divided into two parts, one is defined as
pdc, which shows the fundamental average active power
part, and the other is pac, which corresponds to the
oscillating power part, including harmonics and reactive
power.

p = pdc + pac (20)

During compensation, active and reactive power
compensation pca and ca are injected to Vac phase by the
converter “a” while the required compensation active
and reactive powers for converter “b” are absorbed from
the Vi phase. These required compensation power can
be calculated according to (21).
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1
Pea :Epdc + P
0 - 1 ) +{ q,CTF OUT
ca dc

23 q—0e, CTF IN -

1 .
Peo :_E Pec —P
1

qcb - 2\/§ pdc

Consequently, the HPQC can compensate the power
quality requirement on the grid side. To maintain the
DC-link stable, converter “b” is used to adjust DC
common voltage and provides corresponding power p”.
However, the suitable performance of the HPQC is
highly related to the DC-link voltage. In most cases, the
control parameters of the Pl controller (k, and k;) are
adjusted via T&A method. To maintain the DC-link
voltage more reliable, G.A optimization is implemented
to achieve the optimum values of k, and ki, When these
parameters are tuned precisely, the performance of the
HPQC and the dynamic response of the DC-link voltage
are improved. The multi-objective function is
considered to optimize the DC-link voltage as follows:

OF :w1310/dc)+%32(vdc)...
1 (22)

e O.8(—L Vi Vi )jz +L:(maXNuc )-min(Vy,))

T

The DC-link voltage ripple and the differences
between the maximum and minimum value of the DC-
link voltage are defined as Ji(Va) and Ja(Ve);
respectively. The DC-link reference voltage should be
appropriately followed by the actual DC-link voltage.
Therefore, the value of wi (weighted coefficient of
Ji1(Vac)) is so selected to be greater than w, (weighted
coefficient of Ja(Vgc)). Since the allowable of the
maximum and minimum value of the DC-link should be
an allowable range, the normalized factor is assumed to
be 5 here. Consequently, The k, and k; parameters are
obtained via both methods and tabulated in Table 1.

The reference compensation currents, i, and i, are
then calculated from the selected compensation power
by inverse Clark transformer.

I vicd]{gd} i —a,b (23)

Ty 2
v ic +V icd ci

Finally, the trigger signals for IGBT switches are then
achieved by hysteresis pulse width modulation (PWM).
More details about the HPQC compensation control
system can also be found in [22, 24].

4 Simulation Results

Simulation verification using MATLAB/Simulink is
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Table 1 Co-phase traction system parameters.

Parameter Value Unit
Grid short-circuit level 1000 MVA
Vv trans. primary voltages 110 kv
Vv trans. secondary voltages 275,13.75 kv
Vv trans. nominal power 2x315 MVA
DC-link capacitance (Cac) 10 mF
DC-link ref. voltage (Vic) 315 kv
Filter capacitance (Cm) 9.1734 MUF
Filter capacitance (Cn) 4.97 mF
Filter inductance (Ln) 2.038 mH
Filter resistance (Rn) 40 Q
capacitance (Cc) 84 uF
inductance (La) 10.9 mH
inductances (Lb) 4 mH
kp and ki via T&E method 15and 6 -
kp and ki via G.A optimization 9.75 and 16.64 -
Vac Vacd
Vac > p R Pdc R Power Pea 1*ca
L a2 g i »|Compensation [~>{inverse Clark| .
|ag > Clark - Selection p—»] Transformer
Vacd |Transformer @) (e @) +
(19) +~"Pac
||_ P |
q ca
2
|—’ s TV NocTE AP Hysteresis|To IGBTs
Ld e/@ ) CCurre“t >
OFvincTr q (®)< domFromCTF |, [Controller
+ p* Peb x
PI Power +
Ve et (Controllef —~[Compensation I'rll\lfgass?o?r%;ls ®
v Selection q 23) ”
dc J Pac—>! (21) cb |
\Y L
GA-Optimization| be
(&) kp ki | /2
29| Vg

Fig. 5 System control block diagram of the HPQC.

Table 2 Loading sequences and simulation results of case studies.

Case Intervals Mode rjpu] PF. PFe THD[%] NSC[%] Skhrqoc [MVA] Reduction [%]
- 01<t<02 No Filter 0.73 15.52
& o 0.85 99 -
O 02<t<03 With Filter 0.81 15.03
o~ 0.1<t<0.2 No Filter 0.73 15.52 99 -
a 0.2<t<0.3 1 0.85 0.99 3.29 1.45 13.78 18.86
© 03<t<04 With Filter 0.99 2.81 1.94 11.18 '
@ 0<t<0.5 WithFilter, T&E 3.72 1.56 18.09
2 o 15 085 0.99 -
O 0<t<0.5 With Filter, G.A 2.93 0.62 18.09

performed to show the reduction of the HPQC capacity
and improved DC-link voltage performance. The input
system parameters which is considered in the simulation
are listed in Table 1. The traction loads are taken into
consideration as varying harmonic loads simulated
using rectifier RL load. Three cases of different loading
are studied to compare the performance of the HPQC, as
listed in Table 2.

The rated traction load is assumed to be 10 MVA
(1 p.u.) for one unit train, which is defined as r. The
simulation results are shown in Table 2 and Figs. 6-8.
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The co-phase traction performance without the HPQC is
initially analyzed in case 1, while the C-type filter is
applied at 0.2 s. In Fig. 6, the three-phase voltage and
current source are shown. Despite the improvement of
the grid PF (from 0.73 to 0.81) and current distortion
THD (from 15.52% to 15.03%) by the C-type filter, the
NSC index would be remained 99%, and system
exceeds its power quality limits and should be
compensated by the HPQC. In case 2, the HPQC is
initialized to compensate current unbalance, reactive
power, and harmonics problems. Two loading



Rating Reduction and Optimized DC-Link Voltage of the HPQC M. Habibolahzadeh and A. Jalilian

(b)

WEEER
sasa

50
0 [ 07,0 0]
0

VoY)

0
0’7 i (O —ig() —i (0
0
0
0
0

: W%W%W%WWM 23 /’\\J/\/’\\J/\/’\W/”\\Jf”\v/"\v/”\vﬁ\“

,B( )

= 150
=200 il
- 250L 250 -

0.1 0.2

tlme(s) time(s)
(@ (b)
Fig. 6 Co-phase traction system with C-type filter and without the HPQC: a) Three-phase grid voltage and b) Three-phase grid
current.
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Fig. 8 DC-link voltage: a) rise time for both T&E and G.A, b) peak to peak for G.A optimization, and c) peak to peak for T&E
design.

conditions (1 and 1.5 p.u.) are considered with and
without the filter in FC method, which its simulation
results are tabulated in Table 2.

For case 2, the HPQC and the C-type filter are applied
to the system with rated traction load (10 MVA) at 0.2 s
and 0.3 s, respectively. Three-phase current waveforms
are illustrated in Fig. 7(a). As can be seen, the grid
currents are symmetric free-harmonic currents after
using HPQC. The improvement of grid PF (from 0.73 to
0.99), current THD (from 15.52% to 3.29%), and NSC
(from 99% to 1.45%) are obtained by the HPQC. In
addition, the current THD is further improved by the C-
type filter (from 3.29% to 2.81%), resulting in high-
order harmonics mitigation. As shown in Fig 7(b), lca
decreases while I stays constant by applying the C-
type filter. Therefore, the total compensation currents
are reduced, and the rating of the HPQC capacity is
diminished in the same voltage operation, which
conforms previous theoretical studies. 18.86% reduction
of the HPQC capacity is achievable via the C-type filter
compared to the conventional configuration for rated
traction load. In case 3, the 15 MVA traction load is

simulated for both T&E and G.A methods by using both
HPQC and C-type filter applied at 0.1 s. The
corresponding DC-link voltages are depicted in Fig. 8.
As can be seen, with G.A optimization, the DC-link
voltage has a faster dynamic response compared to T&E
method (Fig. 8(a)). The maximum peak to peak DC-link
voltage has been optimized from 600 V (via T&E
method) to 80 V (via G.A optimization), as shown in
Figs. 8(c) and 8(b), respectively. Besides, with the
optimized performance of the DC-link voltage via G.A,
the better power quality parameters would be expected,
as listed in Table 2.

5 Conclusion

In this paper, the C-type filter design is investigated in
the co-phase traction system for the capacity reduction
of the HPQC. Mathematical studies are conducted to
evaluate the usefulness of the C-type filter in the FC
method. Unlike other methods, the proposed
configuration does not need any change in the control
system. Therefore, this structure may be used to reduce
the size, the installation cost of the HPQC as well as to

Iranian Journal of Electrical and Electronic Engineering, Vol. 17, No. 2, 2021 7



Rating Reduction and Optimized DC-Link Voltage of the HPQC

mitigate high-order harmonics in the co-phase traction
system. It is verified through simulation results that the
18.86% reduction of the HPQC rating is fulfilled with
the C-type filter for the rated load. Eventually, the
HPQC is simulated via G.A optimization for 1.5 p.u.
traction load. The simulation results show the
satisfactory performance of the DC-link voltage.
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