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Abstract—Hybrid Railway Power Quality Conditioner (HPQC)
is newly proposed for its effective reduction in dc-link operation
voltage while providing similar power quality compensation in
cophase traction power supply compared to conventional railway
power quality conditioner. However, reduction in HPQC operation
voltage limits its power quality compensation capability. For in-
stance, the previously proposed HPQC design based on minimum
operation voltage under fixed rated load has minimum power
quality compensation capability. Under practical conditions when
load varies, the required HPQC active and reactive compensation
power also changes. The dc-link operation voltage of HPQC
may therefore need to be enhanced to increase its power quality
compensation capability. Therefore in this paper, the relationship
between dc-link voltage of HPQC and its power quality compen-
sation capability, as well as its limitations, are being analyzed.
Simulation and experimental results are also presented to verify the
mentioned relationship via investigations of system performance
under different loading conditions. The research can provide a
guideline for determination of HPQC operation voltage when
load varies.

Index Terms—Compensation capability, cophase power
system, high-speed railway, hybrid railway power quality
conditioner (HPQC), power quality.

I. INTRODUCTION

W ITH rapid country and city development around the
world, electric railway transportation has played an es-

sential role in economics and daily lives. This causes high and
increasing transportation demand. It is therefore important that
traction power supply is stable and can provide power with high
power quality to locomotives. However, traction power supply
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Fig. 1. Traditional power supply structure with NS to avoid phase mixing.

usually suffers from various power quality problems such as
reactive power, system unbalance, and harmonics, etc. [1]–[3].
Concerning these power quality problems, the Institute of Elec-
trical and Electronics Engineers (IEEE) and Standardization
Administration of the People’s Republic of China have released
corresponding tolerance standards [4], [5]. Various power qual-
ity compensation techniques, which are discussed in later sec-
tions, are therefore proposed.

Nowadays, ac electrified power with 50 Hz, 25 kV is com-
monly used in long distance high-speed railway [3]. In tradi-
tional ac traction power supply (see Fig. 1), the power in three
phase grid is transformed into two single phase outputs through
substation and supply power to locomotives [6]. Since the two
single phase power is of different phase, neutral sections (NSs)
(without power supply) are required to avoid risk of phase mix-
ing. As locomotives run through NSs, they lose power and ve-
locity. Traditional ac power structure is therefore not suitable
for high-speed railway. Based on this consideration, the cophase
traction power supply system is proposed. In cophase traction
power (see Fig. 2), locomotive loadings are connected across
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Fig. 2. Newly proposed cophase traction power supply structure.

one single phase output of substation transformer only, leaving
another phase unloaded. This proposed structure is beneficial
for effective reduction of NSs and higher transformer utilization
ratio. The cophase structure is thus more suitable for application
in high-speed railway.

The idea of cophase traction power first appeared in [7] in
year 2009. More details about hardware prototype and testing
results of cophase traction power supply can be found in [8].
The world’s first cophase traction power supply device has al-
ready be implemented and put into trial operation at MeiShan
Substation of the Chengdu-Kunming Railway in 2012 in China.
More details are presented in [9] and [10]. Cophase traction
power supply system can balance three-phase traction power,
and at the same time provide reactive power and harmonic com-
pensation. Cophase traction power is also one of the important
projects supported by the National Science and Technology Pil-
lar Program during the 11th Five-Year Plan Period of China.
These show the importance of cophase traction power in rail-
way development.

As discussed, power quality issues are great concerns in trac-
tion power supply system. In order to achieve high power quality
that can satisfy the IEEE and other standards, various power
quality compensation techniques have been developed [11],
[12]. Conventionally, passive compensators are used. For ex-
ample, shunt capacitive bank is used to provide reactive power
compensation for inductive traction load [13]. However, it can
only provide fixed compensation capacity and cannot provide
dynamic performance. Afterward, compensators based on ac-
tive components are proposed. For instance, static var com-
pensator is used [14], [15], but it cannot compensate system
unbalance problem, and inject harmonics into the system. For
system unbalance problem, although techniques such as in-
stallation of balance transformers or changing phase connec-
tion can be used, they cannot provide complete and unified

Fig. 3. Cophase traction power supply system with conventional inductive
coupled RPC.

compensation. In contrast, compensators based on active com-
ponents can provide better dynamic performance. [16], [17] The
railway power quality conditioner (RPC) is thus developed [18],
[19]. It is widely adopted as a unified solution for reactive power,
system unbalance and harmonics in traction power supply. Spe-
cially, in Europe, some traction locomotives are electrified with
15 kV, 16 2/3Hz other than system line frequency (usually of
50 Hz or 60 Hz). There are thus more on-going researches on the
development of power electronic traction transformer (PETT)
for improved efficiency and power conditioning, especially in
Europe [20]–[22]. Field testing of PETT prototype has also been
done with Swiss Federal Railways, and the system performance
is satisfactory and has shown improvements. However, further
investigations of PETT are required when traction locomotives
are directly powered from system line utility grid, like in China,
in which three-phase balancing is also concerned. RPC may be
more suitable under this case.

A typical structure of RPC is shown in Fig. 3. It is basically
composed of a back to back converter with a common dc link.
One converter, for instance, the Vac phase converter is connected
to the locomotive phase through inductive coupled impedance;
and another phase, Vbc phase converter, is connected to the un-
loaded phase through inductive coupled impedance. In order to
control the power flow so as to achieve power quality compen-
sation, the energy of the dc link must be higher than the point
of common coupling (PCC) point. In other words, the dc-link
voltage must be higher than the peak of Vac voltage. This in-
duces high dc-link voltage requirement in traditional RPC. The
device rating and power loss, as well as the cost, are therefore
higher. Hybrid railway power quality conditioner (HPQC) in
Fig. 4 is thus proposed and developed. Different from tradi-
tional RPC, the Vac phase converter in HPQC is connected to
the PCC through capacitive coupled impedance. The capacitive
coupled capacitance can help to provide support voltage during
reactive power compensation so that the dc-link voltage can be
decreased. The device rating and cost of HPQC can thus be
reduced.

The idea of HPQC is first proposed in [23] in year 2012. More
details and derivations of system parameter design can be found



LAO et al.: ANALYSIS OF DC-LINK OPERATION VOLTAGE OF A HYBRID RAILWAY POWER QUALITY CONDITIONER AND ITS PQ 1645

Fig. 4. Cophase traction power supply system with the proposed capacitive
coupled HPQC.

in [24] and [25]. A brief review of voltage reduction mecha-
nism in HPQC is also covered in the next section. However, the
HPQC is designed based on the criteria of minimum operation
voltage requirement under fixed rated load. Under minimum op-
eration voltage, the HPQC compensation capability is limited
and minimized. In other words, the HPQC can provide satis-
factory compensation performance only at the designed fixed
rated load. The HPQC power quality compensation capability
is somehow limited by reduction in operation voltage.

The operation voltage of power compensators may be en-
hanced to provide satisfactory performance for wider range of
loadings [26], [27]. Therefore, under practical conditions when
traction load varies, the required active and reactive compen-
sation power from HPQC also changes, the dc-link voltage of
HPQC may then need to be increased. However, the HPQC dc-
link voltage requirement is not directly proportional and does
not vary linearly with load variations. Furthermore, load varia-
tions include both variations in load power factor and capacity.
Therefore, it is important and worthy to investigate the rela-
tionship between HPQC dc-link voltage and its power quality
compensation capability in cophase traction power.

In this paper, the relationship between HPQC dc-link opera-
tion voltage and its compensation capability is analyzed and
discussed so as to provide a guideline for determination of
HPQC dc-link voltage when load varies. In Section I, a brief
introduction of research background and motivation is covered.
In Section II, the HPQC control algorithm and design based
on minimum operation voltage at rated load is reviewed. The
relationship between HPQC compensation capability and dc-
link voltage, as well as their limitations, are then analyzed and
discussed in Section III. In Section IV, simulation verifications
and experimental results obtained from hardware prototype are
presented. Finally, a conclusion is given in Section V.

II. HPQC COMPENSATION ALGORITHM AND MINIMUM

DC-LINK OPERATION VOLTAGE DESIGN

The HPQC compensation algorithm details can be found in
[23] and [24]. The analysis that follows is developed based on
the control algorithm. The core algorithm shown in (1) is used

Fig. 5. Circuit schematics and vector diagram which show parameter defini-
tion of cophase traction power supply with newly proposed HPQC.

for determination of HPQC Vac phase converter active (pca)
and reactive (qca) power, as well as Vbc phase converter active
(pcb ) and reactive (qcb ) power. p̄L and p̃L refer to the dc and ac
components of load active (real) power, respectively; while qL
refers to the reactive (imaginary) power. This core equation is
derived based on the system power quality requirement model
(ideal compensation). System compensation is provided from
the transformer secondary side (refer to Fig. 4). It is shown
through the equation that in order to maintain a balanced system,
half of the load active power is transferred from Vbc phase to Vac
phase converter; the system source reactive power problem is
then compensated by transferring appropriate amount of reactive
power between the two phases. Finally, the load reactive power
is compensated by the Vac phase converter

⎡
⎢⎢⎢⎢⎣
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qca
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qcb

⎤
⎥⎥⎥⎥⎦

=

⎡
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1
2
√

3
p̄L + qL

− 1
2 p̄L

− 1
2
√

3
p̄L

⎤
⎥⎥⎥⎥⎦

. (1)

As described in [24], the HPQC operation voltage is dominant
by the Vac phase converter; therefore, the Vbc phase converter
operation voltage will not be discussed in the analysis.

Some parameter definitions of system voltage and current
are presented in Fig. 5. The parameters for HPQC analysis are
also defined in Fig. 4. The capacitive coupled impedance of
Vac phase is XLCa , and the Vac phase inverter output voltage
is VinvaLC . Furthermore, the voltage drop across the coupled
impedance XLCa is defined as VLCa ; and the phase angle be-
tween Vac and Ica is θca .

The vector diagram showing the operation of HPQC Vac
phase converter under minimum operation voltage is given in
Fig. 6.

With capacitive coupled impedance XLCa , the vector VLCa is
always 90° clockwise with the vector Ica . Under fixed load, the
amplitude Ica is also fixed; as XLCa varies, the length of VLCa
varies along the line L1 . Moreover, the relationship in (2) can
be derived from circuit analysis

⇀

V invaLC =
⇀

V ac +
⇀

V LCa . (2)
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Fig. 6. Vector diagram showing Vac phase converter operation in traditional
RPC and in HPQC under minimum operation voltage.

On the other hand, with inductive coupled impedance XLa

(in traditional RPC), the vector VLa is always 90° anticlockwise
with the vector Ica , such that the relationship in (3) can be
derived

⇀

V invaL =
⇀

V ac +
⇀

V La . (3)

It is worth noticed that the value of dc-link voltage VDC is
a multiple of square root two times of VinvaLC as shown in
(4). Minimization of HPQC dc-link voltage thus also refers to
minimization of VinvaLC

VDC =
√

2 · VinvaLC . (4)

With fixed load condition, Ica is fixed; with proposed HPQC,
as XLCa increases, the magnitude of VLCa also increases; on
the other hand, as XLCa decreases, the magnitude of VLCa also
decreases. From Fig. 6 and (2), one can observe that the magni-
tude of VinvaLC can alter be altered by the magnitude of VLCa .
Therefore, an optimized value of VinvaLC can be achieved with
a proper selection of XLCa . It can also be inferred from Fig. 6
that the amplitude of VinvaLC is minimized when VinvaLC is per-
pendicular with the line L1 . Under this minimized condition,
the amplitude of VLCa satisfies the expression in (5). Notice that
the subscript “rated” refers to parameters at rated design

∣∣∣⇀

V LCa rated

∣∣∣ =
∣∣∣⇀

V ac

∣∣∣ · sin θca rated

= (Ica rated) · (XLCa rated) . (5)

Therefore, the value of XLCa can be selected by (6), after fur-
ther manipulation of (5), for minimum HPQC dc-link operation
voltage at rated condition

XLCa rated =
Vac sin θca rated

Ica rated
. (6)

The value of θca , known as the Vac phase compensation angle,
can be determined by (7), which is derived from (1)

θca = tan−1

[ 1
2
√

3
(PFL ) + sin

(
cos−1 (PFL )

)
1
2 (PFL )

]

= tan−1

⎡
⎢⎣

1
2
√

3
(PFL ) +

√
1 − (PFL )2

1
2 (PFL )

⎤
⎥⎦ . (7)

The minimum HPQC operation voltage, which is also the
minimum amplitude of VinvaLC , can therefore be determined by
(8)

VinvaLC min = Vac · cos θca rated . (8)

For comparison, similar analysis is performed on conven-
tional RPC. Similarly, as XLa increases, the amplitude of VLa

increases toward the right-hand side of Fig. 6, and vice versa. Ac-
cording to Fig. 6 and (3), with fixed load capacity and compen-
sation current Ica , the amplitude of VLa and required operation
voltage VinvaL increases as coupled impedance XLa increases.
However, unlike newly proposed HPQC, there is no impedance
design such that operation voltage in traditional RPC, VinvaL can
be minimized at rated design. Instead, the value of VinvaL is di-
rectly determined by the compensation current Ica and coupled
impedance XLa , as represented in (9)

|VinvaL | =
√

(IcaXLa cos θca)2 + (Vac + IcaXLa sin θca)2 .
(9)

Since load capacity variation is involved in further analysis,
the load capacity can be considered to be varying with r, in
which r is expressed as per unit value for load capacity. For
instance, at rated load capacity, r equals 1. With fixed XLCa , the
magnitude of VLCa will also be changed when r changes. When
r = 0, the magnitude of VLCa is the smallest. On the other hand,
in traditional RPC, the range of loading that can be compensated
is limited by the value of rRPC limit , which can be determined
using (10) shown at the bottom of the page, obtained through
further manipulation of (9). These are also illustrated in Fig. 6:

III. ANALYSIS OF RPC AND HPQC DC-LINK VOLTAGE AND

COMPENSATION CAPABILITY

When the HPQC is designed based on minimum dc-link op-
eration voltage, the compensation capability is minimized. Un-
der practical conditions when load varies, the HPQC dc-link
operation voltage may need to be enhanced to increase the com-
pensation capability. In conventional RPC, this is accomplished
by increasing its operation voltage over the PCC voltage Vac .
More details are discussed next.

Shown in Fig. 7 is a vector diagram showing the RPC and
HPQC operation with enhanced operation voltage under vari-
ations in loading conditions. It also shows the relationship

rRPC limit =
− (2VacIca ratedXLa sin θca) +

√
(2VacIca rated sin θca)2 − 4 (Ica ratedXLa)2 (V 2

ac − V 2
invaL)

2 (Ica ratedXLa)2 (10)
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Fig. 7. Vector diagram showing the operation of RPC and HPQC with en-
hanced operation voltage under variations in loading conditions.

between HPQC operation voltage VinvaLC and the power qual-
ity compensation capability. It is assumed that as traction load
capacity varies, the Vac phase compensation current is changed
to r times of rated value, rIca rated .

A. RPC Compensation Capability With Operation Voltage
Over PCC Voltage

As discussed previously and observed from Figs. 6 and 7,
the RPC operation voltage must be larger than PCC voltage
Vac in order to provide satisfactory compensation for inductive
traction load. The RPC compensation capability is restricted
by (10). When load capacity ratio r increases, the value of re-
quired operation voltage VinvaL also increases, and vice versa.
Although compensation may be provided from 0 to rRPC limit
in traditional RPC, the design is less practical since high op-
eration voltage is required and RPC disconnection is preferred
under no-load case.

B. HPQC Compensation Capability at Rated Design Under
Minimum Operation Voltage

With rated load capacity, r = 1, the value of XLCa is selected
according to (6) such that VinvaLC is perpendicular with VLCa .
With this minimum HPQC operation voltage, the compensation
region is bounded by the circle with radius VinvaLC min , as
indicated by the shaded area within the circle Cir Ca1 in Fig. 7.

At rated load (r = 1), the edge of VLCa is located at the boundary
of the circle Cir Ca1 (compensation region), HPQC can thus
provide satisfactory compensation. However, as traction load
capacity r differs from rated load (r > 1, or r < 1), the edge
of VLCa will be located outside the circle Cir Ca1 at which
HPQC cannot provide satisfactory compensation performance.
Therefore, with minimum HPQC dc-link voltage, the power
quality compensation capability is limited at rated load (r = 1).

C. Enhanced HPQC Compensation Capability With
Operation Voltage Over Minimum Value

The minimum HPQC operation voltage which has minimum
HPQC compensation capability can be determined by (8). In
order to enhance the HPQC compensation capability, the opera-
tion voltage can be increased to VinvaLC AB as shown in Fig. 7.
It can be seen that the compensation region is increased to the
area bounded by the outermost circle Cir Ca2 , with radius of
VinvaLC AB .

The relationship of VinvaLC AB in Fig. 7 can then be expressed
mathematically as shown in (11). When the HPQC operation
voltage is increased to VinvaLC AB , there are different values of
Icap and Icaq that can satisfy the expression. In cophase traction
power, the changes of Icap and Icaq are restricted by (1) accord-
ing to the load condition. Therefore, when the HPQC operation
voltage is enhanced, the power quality compensation capability
can be increased, and provide satisfactory compensation for a
range of loading conditions

|VinvaLC AB | ≥√
(Vac − |Icaq | · |XLCa rated |)2 + (|Icap | · |XLCa rated |)2 .

(11)

By substituting (6) into (11), the expression in (12) shown at
the bottom of the page, can be obtained. In order to simplify
the analysis, the amplitude of Vac is assumed to be fixed in
the system, the equation in (12) is divided by Vac to obtain
the parameter, defined as the HPQC operation voltage rating,
kinvaLC , as presented in (13) shown at the bottom of the page.

Furthermore, it is also assumed that as traction load varies,
load variations do not only vary in load capacity (r), but also
in load power factor (PFL ). Notice from (7) that θca changes
with different load power factor PFL and therefore can be used
to model load variations. Assuming that the required Vac phase
active and reactive power changes as shown in (14) and (15),
the ratio of cosθca to cosθca r a t e d is defined as hc , and the ratio

|VinvaLC AB | ≥

√(
Vac − |Icaq | ·

(
Vac sin θca rated

Ica rated

))2

+
(
|Icap | ·

(
Vac cos θca rated

Ica rated

))2

(12)

kinvaLC AB =
|VinvaLC AB |

Vac
≥

√(
1 − |Icaq | ·

(
sin θca rated

Ica rated

))2

+
(
|Icap | ·

(
cos θca rated

Ica rated

))2

(13)
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of sin θca to sin θca rated is defined as hs

pca

pca rated
=

r · (Ica rated) · (cos θca)
(Ica rated) · (cos θca rated)

= r ·
(

cos θca

cos θca rated

)
= r · hc (14)

qca

qca rated
=

r · (Ica rated) · (sin θca)
(Ica rated) · (sin θca rated)

= r ·
(

sin θca

sin θca rated

)
= r · hs. (15)

When the parameters r, hs , and hc are included, the expres-
sions of Icap and Icaq can be manipulated as (16)

{
Icap = r · Ica rated · hc · cos θca rated

Icaq = r · Ica rated · hs · sin θca rated.

(16)

The HPQC operation voltage rating can then be determined
by substituting (16) into (13) as

The solutions of r for (17) shown at the bottom of the page,
then signify the intersection points of the line L1 and the circle
Cir Ca2 in Fig. 7 under HPQC operation voltage VinvaLC AB .
The results are shown in (18). Notice that hc is also expressed
as a function of hs during manipulations since referring to (14)
and (15), (hs)2 + (hc)2 = 1. The middle point of the loading
range is denoted as rM and is shown as follows:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

rA ≤ r ≤ rB

rA = hs −
√

(hs)
2 − 1−(k i n va L C A B )2

(sin θc a r a t e d )2 = hs − Δ

rB = hs +
√

(hs)
2 − 1−(k i n va L C A B )2

(sin θc a r a t e d )2 = hs + Δ

rM = rA +rB

2 = hs.

(18)

For instance, traction load power factor mostly ranges from
0.8 to 0.9 [28]. Supposing that the HPQC is designed at rated
load power factor 0.85, the HPQC compensation capability is
plotted in Fig. 8 according to (17).

The minimum HPQC operation voltage rating calculated us-
ing (8) is 0.48. For example, when HPQC operation voltage
rating is increased to 0.66, the intersection points between the
horizontal line kinvaLC AB = 0.66 and the curves then indicate
the boundaries of the load capacity rating within the HPQC com-
pensation capability under different traction load power factor.

The lower r value refers to point A (rA ) and the higher one
refers to point B (rB ) in Fig. 7 above and Fig. 9 below. The
middle point rM is also indicated in the figure. The expressions
for determination of rA, , rB and rM can be found in (18). The
followings can be observed from Fig. 8.

1) As long as the HPQC operation voltage is higher than its
minimum value, it can always provide satisfactory com-
pensation performance at rated condition.

Fig. 8. MATLAB plot showing the HPQC compensation capability when load
power factor varies (HPQC designed based on rated load power factor of 0.85).

Fig. 9. Analysis of HPQC power quality compensation capability using vector
diagram.

2) When the HPQC operation voltage rating is higher, the
range of loading conditions that satisfactory compensation
performance can be provided (compensation range) also
gets larger.

3) The middle point rM is located at r = 1 when PFL =
PFL rated ; the value of rM gets smaller when PFL >
PFL rated , and vice versa.

4) As load power factor PFL increases, the compensation
capability in terms of traction load capacity rating de-
creases.

kinvaLC AB ≥
√(

1 − r · hs · (sin θca rated)2
)2

+ (r · hc · (sin θca rated) · (cos θca rated))2 (17)
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Fig. 10. MATLAB plot showing the possible range of Vac phase compen-
sation power angle θca for inductive traction load (PF = 0 − 1) in cophase
traction load.

D. Analysis of HPQC Compensation Capability Requirement
When Load Varies

A vector diagram is shown in Fig. 9 for investigation of HPQC
compensation capability when load varies. It is an extended
version of the vector diagram in Fig. 7. It is still assumed that
the HPQC is designed such that the minimum operation voltage
is VinvaLC min .

As discussed, the vector of HPQC operation voltage
VinvaLC AB is determined by the vectors Vac and VLCa . With
fixed coupled impedance XLCa , the magnitude of vector VLCa

changes linearly with load capacity rating r. Furthermore, as
load power factor changes, the direction of VLCa also changes.
Referring back to Fig. 9, when load power factor is zero, the
vector VLCa is in opposite direction of vector Vac . As load power
factor increases, the vector VLCa rotates toward the lower half
of the circle. The intersection points of the line extended from
the vector VLCa and the circle Cir Ca2 then signify the bound-
ary of the load conditions which HPQC can provide satisfactory
compensation. Similarly, the point with lower load capacity is
denoted as rA , and that with high load capacity is denoted as
rB , which are points A and B in Fig. 8, with their expression
in (18). The middle point of the loading condition is defined as
rM .

1) Variation of Load Power Factor PFL : It is previously
mentioned that as load power factor PFL changes, the direction
of vector VLCa also changes. Notice that the direction of vector
VLCa is always 90° clockwise that of vector Ica . Therefore,
the angle between the vector Vac and vector VLCa is always
90◦ + θca .

Traction locomotives are inductive loading, the possible range
of θca is presented using the curve in Fig. 10, which is con-
structed according to the expression in (7).

It can be observed from the figure that:
1) for cophase traction inductive loadings of power factor 0

to 1, the value of θca ranges from 30° to 90°;
2) when load power factor increases, θca decreases;

3) when the load power factor PFL is zero, the vector VLCa

is parallel to the vector Vac .
Furthermore, it can be observed from Fig. 9 that:
1) as load power factor PFL increases, the vector VLCa rotates

toward the lower half of the circle Cir Ca2 around the edge
of vector Vac ;

2) with a certain value of VinvaLC AB , there is a boundary
condition when VLCa is tangent to the circle Cir Ca2 ; this
is also the limit of load power factor variations, which will
be discussed next.

As load power increases, the vector VLCa rotates until a
condition that the edge of VLCa is located outside the HPQC
compensation region. Under such condition, the HPQC cannot
provide satisfactory compensation performance. This happens
when there is no intersection point. In short, there is no ratio-
nal solution of r for the expressions in (18). According to the
mathematical theory, this refers to the conditions when Δ is not
rational, which is shown as follows:

(hs)
2 − 1 − (kinvaLC AB)2

(sin θca rated)2 < 0. (19)

By substituting the definition of hs in (15) into (19), the
expression in (20) can be obtained

cos θca < kinvaLC AB . (20)

Therefore, the HPQC compensation capability is limited by
(21). Referring back to the definition of θca in (7), the power
factor limit can then be determined as (22). It is interesting that
the load power factor limit is not related to any rated value of
the HPQC design, but is related to the HPQC operation voltage
rating kinvaLC AB only

θca limit = cos−1 (kinvaLC AB) (21)

PFL limit =

√√√√ 4

4 +
[
tan (cos−1 (kinvaLC AB)) − 1√

3

]2 . (22)

The plot of HPQC operation voltage rating kinvaLC AB
against power factor limitPFL_limit is shown in Fig. 11.

It is observed that as the HPQC operation voltage rating in-
creases, the power factor limit also increases. For instance, with
HPQC operation voltage rating of 0.66, the power factor limit is
somewhere around 0.96. In other words, the HPQC cannot pro-
vide satisfactory compensation performance once the traction
load power factor exceeds 0.96. The HPQC operation voltage
may therefore also be chosen based on the desired load power
factor limit.

2) Variation of Load Capacity Rating r: As introduced, the
variation of load capacity is represented by the variation of r
during analysis. When r increases, the amplitude of the vector
VLCa also increases toward the left-hand side of the circle Cir
Ca2 in Fig. 9. Under different load power factor PFL , the inter-
section points rA and rB also vary according to (18), and Fig. 8.
Notice that the middle point rM is always located at hs , which
is the ratio of sin(θca) to sin(θca rated );

1) when PFL > PFL rated , hs < 1, the middle pointrM is
smaller than 1 p.u. (rated capacity);
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Fig. 11. MATLAB plot showing the variation of power factor limit PFL lim it
with HPQC Operation Voltage Rating kinvaLC AB .

Fig. 12. Three-dimensional plot summarizing the variation of HPQC com-
pensation range with load power factor and HPQC Operation Voltage under
rated design of 0.85 load power factor.

2) when PFL < PFL rated , hs > 1, the middle pointrM is
greater than 1 p.u. (rated capacity).

This phenomenon can also be observed from the curves show-
ing HPQC compensation capability in Fig. 8.

It is worth noticing that although the HPQC operation voltage
is enhanced to increase compensation capability, the operation
voltage is still less than conventional RPC, in which inductive
coupled impedance is adopted and causes voltage drop across it
during compensation.

E. Section Summary

The analysis of HPQC dc-link voltage and compensation ca-
pability within this section is summarized as follows.

1) Referring to Fig. 7, when HPQC is designed at minimum
operation voltage under fixed rated load, it can only pro-
vide satisfactory at rated load condition and has minimum
compensation capability.

Fig. 13. Detailed circuit schematic and control of cophase traction power
supply with newly proposed HPQC.

TABLE I
SYSTEM HPQC PARAMETERS USED IN SIMULATIONS OF COPHASE TRACTION

POWER SUPPLY UNDER DIFFERENT LOAD CONDITIONS

Parameters Descriptions Value

Va c Load Voltage 27.5 kV
Ic a r a t e d Va c phase compensation current 545 (A)
PFL Load Power Factor 0.85
θc a Va c phase compensation angle 61.28
XL C a r a t e d Va c coupled impedance 44.25
La Va c coupled inductance 2 (mH)
Ca Va c coupled capacitance 60 (uF)
Lb Vb c coupled inductance 4 (mH)
kin va L RPC Operation Voltage Rating 0.66
Vd c DC-Link Voltage 25.7 kV

2) When load varies in practical conditions, the HPQC op-
eration voltage may need to be increased, the relationship
between HPQC operation voltage and load condition vari-
ation range can then be determined by (18).

The expressions in (18) can be further investigated and sum-
marized using Fig. 12, which is constructed based on rated load
power factor value of 0.85. Referring to (7), (15), and (18),
the HPQC compensation range rB − rA is a function of HPQC
operation voltage rating kinvaLC AB and load power factor PFL .

It can be observed from the diagram that:
1) the value of the compensation range rB–rA increases with

increase in HPQC operation voltage;
2) when load power factor increases, the compensation range

decreases;
3) there is a limit for load power factor limit, which is in-

vestigated in (22) and Fig. 11, the limit is dependent on
kinvaLC AB only;

4) the load power factor limit increases with increase in
HPQC operation voltage.

IV. SIMULATION AND EXPERIMENTAL VERIFICATIONS

In order to verify the relationship between HPQC DC op-
eration voltage and its power quality compensation capability,
PSCAD simulation verifications are performed to investigate
the system performance under different loading conditions. A
laboratory scaled hardware prototype is also constructed to ob-
tain experimental results. The captured waveforms and data are
shown next.
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Fig. 14. Simulated system source power factor under different loading con-
ditions, obtained from the cophase traction power with RPC and HPQC under
various operation voltage.

Fig. 15. Simulated system source current unbalance (%) under different load-
ing conditions, obtained from the cophase traction power with RPC and HPQC
under various operation voltage.

A. PSCAD Simulations

A detailed circuit schematic and control of cophase traction
power with proposed HPQC in simulation verifications is shown
in Fig. 13.

The parameter settings in the simulation are chosen based
on common practical traction power supply system [6], [29].

TABLE II
BOUNDARY OF CALCULATED AND SIMULATED LOADING CONDITIONS WHICH

HPQC CAN PROVIDE SATISFACTORY COMPENSATION PERFORMANCE WITH

kinvaLC AB = 0.66, VDC = 25.7 KV

PFL hs = rM Calculated rA Calculated rB Simulated rA Simulated rB

0.1 1.1401 0.3888 1.8914 0.4 1.8
0.2 1.1362 0.3908 1.8816 0.4 1.8
0.3 1.1298 0.3942 1.8653 0.4 1.8
0.4 1.1206 0.3992 1.8420 0.4 1.8
0.5 1.1080 0.4063 1.8097 0.4 1.8
0.6 1.0908 0.4166 1.7650 0.4 1.7
0.7 1.0663 0.4326 1.7001 0.4 1.6
0.8 1.0285 0.4607 1.5963 0.5 1.5
0.9 0.9584 0.5304 1.3865 0.6 1.4
1 0.5708 NA∗ NA∗ NA∗ NA∗

*NA: Not Available

Fig. 16. Hardware appearance of a laboratory-scaled hardware prototype of
cophase traction power supply with HPQC.

The three phase power grid is of 110 kV, 50 Hz and is
transformed into two single phase outputs via V/V substation
transformer. The V/V transformer is composed of two single
phase transformers (31.5 MVA 110 kV/27.5 kV, 31.5 MVA
110 kV/13.75 kV), with V/V connections. One phase of sub-
station output, Vac phase, is connected to locomotive loadings,
whereas another phase, Vbc phase, is unloaded. The power qual-
ity conditioner, HPQC, is then connected across the Vac and
Vbc phase in order to provide power quality compensation from
secondary side to the three-phase primary source grid. Notice
that the locomotive voltage is 27.5 kV, which is a bit higher
than 25 kV, in order to compromise the voltage drop caused by
inductive traction load.

The electronic switches used in the back-to-back converter of
proposed HPQC are insulated-gate bipolar transistors (IGBT)
for its high power application. The computation of required
compensation power is accomplished according to (1) based
on instantaneous pq theory. The compensation current refer-
ence is then obtained by performing inverse transform. The
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TABLE III
PARAMETERS USED IN THE LABORATORY-SCALED HARDWARE PROTOTYPE OF

COPHASE TRACTION POWER SUPPLY WITH HPQC

Parameters Descriptions Value

Va c Load Voltage 50 V
Ic a r a t e d Va c phase compensation current 2.65 (A)
PFL Load Power Factor 0.85
θ c a Va c phase Compensation Angle 61.28
XL C a ra t e d Va c coupled impedance 16.55
La Va c coupled inductance 2 (mH)
Ca Va c coupled capacitance 190 (uF)
Lb Vb c coupled inductance 4 (mH)
kin va L RPC Operation Voltage Rating 0.66
Vd c DC-Link Voltage 47 V

Fig. 17. Experimental system waveforms captured from the hardware proto-
type of cophase traction power with HPQC under load capacity 0.2 p.u. (a) phase
A voltage and current; (b) phase B voltage and current; (c) phase C voltage and
current; (d) load current.

Fig. 18. Experimental system waveforms captured from the hardware proto-
type of cophase traction power with HPQC under load capacity 0.5 p.u. (a) phase
A voltage and current; (b) phase B voltage and current; (c) phase C voltage and
current; (d) load current.

Fig. 19. Experimental system waveforms captured from the hardware proto-
type of cophase traction power with HPQC under load capacity 1.0 p.u. (a) phase
A voltage and current; (b) phase B voltage and current; (c) phase C voltage and
current; (d) load current.

Fig. 20. Experimental system waveforms captured from the hardware proto-
type of cophase traction power with HPQC under load capacity 1.7 p.u. (a) phase
A voltage and current; (b) phase B voltage and current; (c) phase C voltage and
current; (d) load current.

compensation current reference is finally compared with the
actual compensation current to generate pulse width modula-
tion (PWM) signals for IGBT switches in Railway HPQC using
linear-operated hysteresis PWM method in [30].

In the simulation, the HPQC control algorithm is completed
according to (1) and is designed based on minimum operation
voltage requirement at fixed rated load of power factor 0.85 and
capacity 15 MVA (denoted as 1 p.u.). The traction load is then
varied from 0.1 to 2 p.u. (0.1 p.u. step size), each with variation
of load power factor 0 to 1 (0.1 step size).

The system parameters used in the simulation are shown in
Table I. The Vac phase coupled impedance is calculated using
(6) and the coupled LC branch is designed at the fifth load
harmonics.
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Fig. 21. Experimental system source power factor under four conditions 0.2,
0.5, 1.0, and 1.7 p.u.

Fig. 22. Experimental system source current unbalance (%) under four con-
ditions 0.2, 0.5, 1.0, and 1.7 p.u. traction load capacity.

As the condition in the analysis, the value of HPQC operation
voltage rating kinvaLC AB used is 0.66. The corresponding dc-
link voltage is then 25.7 kV. The source power factor and current
unbalance is being monitored.The simulated three-phase source
power factor and current unbalance (%) under different load
conditions obtained are shown in Figs. 14 and 15. Details of the
statistics in the simulation can be found in appendix.

With satisfactory HPQC compensation, the source power fac-
tor is unity and the current unbalance is 0%. It can be observed
from Figs. 14 and 15 that the HPQC can provide satisfactory
compensation performance within a range of loadings.

As analyzed, the boundary of the range of loadings which
HPQC can provide good compensation performance is defined
by (18). The corresponding values of rA , rM and rB calculated
with kinvaLC AB = 0.66 under different load power factor PFL

are shown in Table II. The simulated values of rA and rB are also
shown for comparisons. It can be observed that the simulated
values are more or less the same as calculated ones. When
PFL < PFL rated , the value of rM is greater than 1.0 p.u.; on
the other hand, when PFL > PFL rated , the value of rM is
smaller than 1.0 p.u.

The limit of load power factor in which HPQC can provide
good compensation could also be investigated using (22). With
kinvaLC AB = 0.66, the value of power factor limit PFL limit is
0.96.

In the simulation, when the load power factor is 1.0 (ex-
ceeding PFL limit), the system source power factor and current
unbalance is not satisfied.

For reference and comparison, the simulations are repeated
using 1) conventional RPC with the same dc-link voltage at
kinvaL = 0.66, Vdc = 25.7 kV; 2) HPQC with minimum dc-link
voltage at rated design, kinvaLC = 0.48, Vdc = 18.7 kV [calcu-
lated using (8)]. The results are also presented in Figs. 14 and
15. It can be observed that consistent with the theoretical study,
with conventional RPC operating at the same dc-link voltage, the
system performance is far from satisfactory at any conditions. It
could also be seen from the figures that the compensation capa-
bility is limited when using HPQC with operation voltage at its
minimum value at rated load. The analysis of HPQC compen-
sation capability is therefore verified via PSCAD simulations.
They also show the significance of increasing HPQC operation
voltage using proposed analysis in enhancing the compensation
capability.

B. Experimental Results

A laboratory-scaled hardware of cophase traction power sup-
ply system with HPQC is constructed in order to obtain ex-
perimental verifications. The hardware appearance is shown in
Fig. 16. It is constructed according to the circuit schematic
in Fig. 12. The IGBTs within the HPQC are driven by IGBT
drivers, and the PWM signals are generated based on the com-
putation blocks shown in Fig. 12. The computation is achieved
using DSP2812 (TDS2812EVMB), with ADC sampling fre-
quency of 20 kHz. The rated load capacity is reduced from 15
MVA to 150 VA (ratio: 1:100k). Moreover, the load voltage is
reduced from 27.5 kV to 50 V (ratio: 1:550).

The HPQC parameters are selected according to (6) at rated
load capacity of 150 VA, with rated load power factor of 0.85.
Detailed HPQC parameters can be found in Table III. With
kinvaLC AB = 0.66, the dc-link voltage is 47 V.

With kinvaLC AB = 0.66, PFL = 0.85, according to (18), the
values of rA and rB are 0.49 and 1.51, respectively. Therefore,
it is expected that satisfactory compensation performance can
be provided within traction load capacity of 0.5 to 1.5 p.u. The
system performance under four different cases are being inves-
tigated, namely 0.2, 0.5, 1.0, 1.7 p.u. The middle two conditions
are inside the range, while the other two lies outside the range.

The system waveforms captured under the four investigated
conditions are presented in Figs. 17 to 20. Detailed data of three
phase source power factor and current unbalance can also be
found in Figs. 21 and 22.
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TABLE A1
SIMULATED THREE-PHASE SOURCE POWER FACTOR OF COPHASE TRACTION WITH HPQC (VDC = 25.7 KV)

PF

r 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0.1 0.3811 0.3938 0.4065 0.4188 0.427 0.4316 0.438 0.4383 0.4351 0.5432
0.2 0.5265 0.5846 0.6017 0.6266 0.6479 0.6492 0.6519 0.6449 0.6295 0.549
0.3 0.8846 0.913 0.9216 0.9178 0.9206 0.9144 0.8821 0.8453 0.8056 0.686
0.4 0.9653 0.9987 0.993 0.9937 0.9975 0.9963 0.9967 0.984 0.9346 0.78
0.5 0.9983 0.9914 0.9964 0.9949 0.9872 0.9921 0.9959 0.998 0.9782 0.8528
0.6 0.9981 0.9935 0.9947 0.9969 0.997 0.9947 0.9968 0.9938 0.9949 0.908
0.7 0.9922 0.9906 0.9912 0.9949 0.9972 0.998 0.9985 0.9954 0.9927 0.9429
0.8 0.9979 0.9944 0.9994 0.9981 0.9971 0.9959 0.9939 0.9961 0.9896 0.9472
0.9 0.9934 0.9966 0.9961 0.9966 0.9991 0.997 0.9972 0.9966 0.9932 0.9388
1 0.9942 0.9981 0.9977 0.9968 0.9975 0.9981 0.9951 0.9986 0.9947 0.9303
1.1 0.994 0.9966 0.998 0.9971 0.9977 0.9971 0.9942 0.9942 0.9933 0.9259
1.2 0.9954 0.9968 0.9978 0.9963 0.9984 0.9973 0.9942 0.9959 0.9926 0.9158
1.3 0.9952 0.9978 0.9987 0.9982 0.9974 0.9953 0.9953 0.9954 0.9949 0.9096
1.4 0.9962 0.9991 0.9979 0.9983 0.9982 0.9965 0.9956 0.9963 0.9933 0.904
1.5 0.9976 0.9988 0.9989 0.9977 0.9985 0.9959 0.994 0.9972 0.9751 0.8995
1.6 0.9969 0.9968 0.9961 0.9963 0.9989 0.9962 0.9937 0.9927 0.9081 0.8543
1.7 0.9951 0.9997 0.9972 0.998 0.9967 0.9971 0.9934 0.9872 0.9543 0.9054
1.8 0.9987 0.9997 0.9948 0.9923 0.9921 0.8856 0.87 0.9517 0.9523 0.9061
1.9 0 0 0 0 0 0.4124 0.8572 0.8874 0.8961 0.9002
2 0 0 0 0 0 0.4458 0.573 0.716 0.8604 0.8929

It can be observed from the waveforms that for load capacity
of 0.5 and 1.0 p.u., the system waveforms are satisfactory. The
data points in Figs. 21 and 22 also reveal that under these con-
ditions, the three-phase source power factor is near unity and
with low current unbalance. These verify the satisfactory HPQC
compensation performance and capability within the range.

On the other hand, for traction load capacity of 0.2 and 1.7
p.u., the system waveforms get distorted, and the phase angle
between phase voltage and current also gets larger. It can also
be seen from the data point in Figs. 21 and 22 that at load
capacity of 0.2 and 1.7 p.u., the system source power factor
and current unbalance gets worse. This indicates the unsatisfac-
tory HPQC compensation performance at these load capacities
(0.2 p.u., 1.7 p.u.).

Referring to the simulation results presented in Table II, Figs.
14, and 15, it can be observed that for load power factor of
0.8 and 0.9, with kinvaLC = 0.66, the boundary of the range of
loading capacity that satisfactory compensation can be provided
are r = [0.5, 1.5] and [0.6, 1.4], respectively.

V. CONCLUSION

In this paper, the relationship between HPQC dc-link voltage
and its power quality compensation capability in cophase trac-
tion power is being analyzed and discussed. Cophase traction
power has high potential to be power supply system. How-
ever, the operation voltage requirement of conventional induc-
tive coupled RPC within the system is high due to its high
power requirement to control power flow. This leads to higher
cost and device ratings. The capacitive coupled HPQC is there-
fore newly proposed for reduction of operation voltage while
providing similar performance at rated load. Nevertheless, re-
duction in HPQC operation voltage limits its power quality
compensation capability. Therefore, it is essential to determine
the relationship between HPQC dc operation voltage and the

corresponding power quality compensation capability so as to
provide a guideline for the design of HPQC.

It is found that when HPQC operates with minimum voltage
under fixed rated load, the HPQC can only provide minimum
compensation capability. Under practical conditions when load
varies, the HPQC operation voltage may be enhanced so that
HPQC can provide satisfactory compensation performance for a
range of loading conditions. The boundaries of these conditions
and limit are also investigated. The followings can be concluded
from the analysis:

1) when HPQC dc-link voltage increases, the power quality
compensation capability also gets larger;

2) when HPQC dc-link voltage increases over minimum
value, the range of loading conditions which satisfactory
compensation performance can be provided always in-
clude rated condition;

3) with a certain HPQC dc-link voltage, there is a upper limit
of load power factor; when the load factor gets beyond this
limit, HPQC cannot provide satisfactory compensation;

4) based on these, the HPQC dc-link operation voltage may
be selected based on the loading conditions (possible
range of load capacity rating and power factor).

Finally, PSCAD simulations are performed and experimental
results are obtained from a laboratory-scaled hardware prototype
to verify the analysis. The analysis provides a preliminary guide-
line for HPQC parameter selection when larger power quality
compensation capability is preferred. For practical purpose, it
would be preferable if the power quality compensation capabil-
ity can be freely changed under a specific operation voltage and
this worth further analysis and attention.

APPENDIX

Due to the page span, detailed data of simulation results in
Section IV part A are presented in Tables A1 and A2 for readers’
reference.
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TABLE A2
SIMULATED THREE-PHASE SOURCE CURRENT UNBALANCE OF COPHASE TRACTION WITH HPQC (VDC =25.7 KV)

PF

r 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0.1 98.28 97.19 96.51 94.8 94.34 93.31 92.12 91.52 90.5 88.12
0.2 98.61 93.83 92.47 88.8 85.14 84.29 82.42 80.99 79.38 81.32
0.3 78.05 51.53 45.2 50 57.6 61.86 63.12 64.39 66.05 70.89
0.4 28 13.38 9.76 8.37 5.47 4.76 5.44 11.97 45.65 63.6
0.5 18.88 12.46 8.61 7.56 9.68 7.19 4.27 3.99 13.96 56.62
0.6 19.9 10.89 9.68 5.7 4.11 7.53 5.01 8.11 5.53 50.65
0.7 19.42 10.74 8.63 7.82 4.82 3.48 4 4.33 7.88 45.12
0.8 13.67 10.09 3.81 3.95 6.2 5.37 7 3.81 9.34 41.51
0.9 14.15 6.96 6.43 3.96 2.91 4.07 4 4.81 7.02 38.75
1 11.46 5.21 4.57 7.15 4.63 4.33 7.37 0.99 4.05 36.08
1.1 10.56 4.98 3.09 2.2 3.93 2.49 2.64 6.08 6.15 34.22
1.2 8.32 6.55 4.9 5.1 1.75 4.75 5.84 3.02 6.37 32.97
1.3 8.91 5.13 2.57 2.45 3.51 6.31 4.34 5.38 2.97 34.09
1.4 8.09 4.86 2.13 3.72 1.95 4.41 5.12 3.66 2.67 31.78
1.5 6.12 2.52 4.05 4.46 4.7 5.01 5.42 2.59 12.8 30.8
1.6 9.29 5.36 2.12 5.27 4.76 4.25 4.28 6.9 29.78 33.07
1.7 7.83 2.94 4.298 1.11 4.89 4.61 5.12 28.12 30.5 33.9
1.8 3.47 2.41 24.51 28.52 25.71 34.26 32.05 34.54 35.12 31.51
1.9 99 99 99 99 99 99 99 99 99 99
2 99 99 99 94.58 73.26 54.26 44.57 36.68 26.13 32.14
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[14] R. Grünbaum, J. Hasler, and B. Thorvaldsson, “FACTS: Powerful means
for dynamic load balancing and voltage support of AC traction feeders”
in Proc. IEEE Porto Power Tech, 2001, vol. 4, pp. 1.

[15] G. Celli, F. Pilo, and S. B. Tennakoon, “Voltage regulation on 25 kV AC
railway systems by using thyristor switched capacitor” in Proc. 9th Int.
Conf. Harmonics Quality Power, 2000, vol. 2, pp. 633–638.

[16] A. Bueno, J. M. Aller, J. A. Restrepo, R. Harley, and T. G. Habetler,
“Harmonic and unbalance compensation based on direct power con-
trol for electric railway systems,” IEEE Trans. Power Electron., vol. 28,
no. 12, pp. 5823–5831, Dec. 2013.

[17] C. Wu, A. Luo, J. Shen, F. J. Ma, and S. Peng, “A negative sequence
compensation method based on a two-phase three-wire converter for a
high-speed railway traction power supply system,” IEEE Trans. Power
Electron., vol. 27, no. 2, pp. 706–717, Feb. 2012.

[18] Z. Shu, S. Xie, and Q. Li, “Single-Phase Back-To-Back converter for active
power balancing, reactive power compensation, and harmonic filtering in
traction power system,” IEEE Trans. Power Electron., vol. 26, no. 2,
pp. 334–343, Feb. 2011.

[19] Z. Sun, X. Jiang, D. Zhu, and G. Zhang, “A novel active power quality
compensator topology for electrified railway,” IEEE Trans. Power Elec-
tron., vol. 19, no. 4, pp. 1036–1042, Jul. 2004.

[20] T. Besselmann, A. Mester, and D. Dujic, “Power electronic traction
transformer: Efficiency improvements under light-load conditions,” IEEE
Trans. Power Electron., vol. 29, no. 8, pp. 3971–3981, Aug. 2014.

[21] C. Zhao, D. Dujic, A. Mester, J. K. Steinke, M. Weiss, S. Lewdeni-Schmid,
T. Chaudhuri, and P. Stefanutti, “Power electronic traction transformer—
medium voltage prototype,” IEEE Trans. Ind. Electron., vol. 61, no. 7,
pp. 3257–3269, Jul. 2014.

[22] D. Dujic, C. Zhao, A. Mester, J. K. Steinke, M. Weiss, S. Lewdeni-Schmid,
T. Chaudhuri, and P. Stefanutti, “Power electronic traction transformer-
low voltage prototype,” IEEE Trans. Power Electron., vol. 28, no. 12,
pp. 5522–5534, Dec. 2013.

[23] N. Y. Dai, K. W. Lao, M. C. Wong, and C. K. Wong, “Hybrid power quality
conditioner for co-phase power supply system in electrified railway,” IET
Power Electron., vol. 5, no. 7, pp. 1084–1094, 2012.

[24] K.-W. Lao, N. Dai, W.-G. Liu, and M.-C. Wong, “Hybrid power quality
compensator with minimum DC operation voltage design for high-speed
traction power systems,” IEEE Trans. Power Electron., vol. 28, no. 4,
pp. 2024–2036, Apr. 2013.

[25] K.-W. Lao, M.-C. Wong, N. Dai, C.-K. Wong, and C.-S. Lam, “A sys-
tematic approach to hybrid railway power conditioner design with har-
monic compensation for high-speed railway,” IEEE Trans. Ind. Electron.,
vol. 62, no. 2, pp. 930–942, Feb. 2015.

[26] C.-S. Lam, M.-C. Wong, W.-H. Choi, X.-X. Cui, H.-M. Mei, and J.-Z. Liu,
“Design and performance of an adaptive low dc voltage controlled LC-
hybrid active power filter with a neutral inductor in three-phase four-wire
power systems,” IEEE Trans. Ind. Electron., vol. 61, no, 6, pp. 2635–2647,
Jun. 2014.



1656 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 2, FEBRUARY 2016

[27] W.-H. Choi, C.-S. Lam, M.-C. Wong, and Y.-D. Han, “Analysis of dc-
link voltage controls in three-phase four-wire hybrid active power fil-
ters,” IEEE Trans. Power Electron., vol. 28, no. 5, pp. 2180–2191, May
2013.

[28] J. Ma, M. Wu, and S. Yang, “The application of SVC for the power quality
control of electric railways,” in Proc. Int. Conf. Sustainable Power Gener.
Supply, 2009, pp. 1–5.

[29] K. Yu, Electric Railway Power Supply and Power Quality, Beijing, China:
China Electric Power Press, 2010.

[30] C.-S. Lam, M.-C. Wong, and Y.-D. Han, “Hysteresis current control
of hybrid active power filters,” IET Power Electron., vol. 5, no. 7,
pp. 1175–1187, Aug. 2012.

Keng-Weng Lao (S’09) was born in Macau, China,
in 1987. He received the B.Sc. and Master degrees in
electrical and electronics engineering from the Fac-
ulty of Science and Technology, University of Macau,
Macao, China, in 2009 and 2011, respectively. He is
currently working toward the Ph.D. degree at the De-
partment of Electrical and Computer Engineering,
University of Macau.

His research interests include FACTS compensa-
tion devices, energy saving, and renewable energy.

Mr. Lao was the first runner-up of the Challenge
Cup National Inter-varsity Science and Technology Competition, and Champi-
onship of the Postgraduate Section in the IET Young Professionals Exhibition
& Competition in China and Hong Kong, respectively, in 2013. He also received
the Champion Award of the Schneider Electric Energy Efficiency Cup in Hong
Kong in 2010.

Man-Chung Wong (SM’06) received the B.Sc. and
M.Sc degrees in electrical and electronics engineer-
ing from the Faculty of Science and Technology, Uni-
versity of Macau, Macao, China, in 1993 and 1997,
respectively, and the Ph.D degree from Tsinghua Uni-
versity, Beijing, China, in 2003.

He has been an Associate Professor at the Uni-
versity of Macau since 2008. His research interests
include FACTS and DFACTS, power quality, custom
power, and PWM.

Dr. Wong received the Young Scientist Award
from the “Instituto Internacional De Macau” in 2000, the Young Scholar Award
from the University of Macau in 2001, second prize of 2003 Tsinghua Uni-
versity Excellent Ph.D thesis Award, and third prize of 2012 Macao Tech-
nology Invention Award given by the Macao Science and Technology Fund
(FDCT).

Ning Yi Dai (S’05–M’ 08) was born in Jiangsu,
China, in 1979. She received the B.Sc. degree in elec-
trical engineering from Southeast University, Nan-
jing, China, in 2001, and the M.Sc. and Ph.D. de-
grees in electrical and electronics engineering from
the Faculty of Science and Technology, University
of Macau, Macao, China, in 2004 and 2007, respec-
tively.

She is currently an Assistant Professor in the De-
partment of Electrical and Computer Engineering,
University of Macau. She has published more than

30 technical journals and conference papers in the field of power system and
power electronics. Her research interests include application of power electron-
ics in power system, renewable energy integration, and pulse width modulation.

Chi-Kong Wong (M’91) was born in Macao in 1968.
He received the B.Sc. and M.Sc. degrees in electrical
and electronics engineering (EEE) at the University
of Macau, Macao, China, in 1993 and 1997, respec-
tively, and the Ph.D. degree in EEE from Tisnghua
University, Beijing, China, in 2007.

He has been with the University of Macau as
a Teaching Assistant for the Faculty of Science and
Technology since 1993 and became a Lecturer and an
Assistant Professor in 1997 and 2008, respectively.
Since 1997, he has been teaching the fundamental

courses for the Department of Electrical and Electronics Engineering and su-
pervising the final year projects. In addition of the undergraduated teaching and
supervision, he had also cotaught one master course and cosupervised three
master research projects. From 1997 to 2007, he had conducted four Univer-
sity research projects and five external projects from CEM and organized one
power system protection training course to CEM staffs. His research interests
include voltage stability analysis, synchronized phasor measurement applica-
tions in power systems, wavelet transformation applications in power systems,
renewable energy, and energy saving.

Chi-Seng Lam (S’04–M’12) received the B.Sc.,
M.Sc., and Ph.D. degrees in electrical and electron-
ics engineering from the University of Macau (UM),
Macao, China, in 2003, 2006, and 2012, respectively.
He is currently working toward the Ph.D. degree from
Power Electronics Laboratory, UM.

From 2006 to 2009, he was an Electrical and Me-
chanical Engineer in the Campus Development and
Engineering Section, UM. In 2009, he returned to the
Power Electronics Laboratory of UM to work as a
Technician. In 2013, he was a Postdoctoral Fellow in

The Hong Kong Polytechnic University, Hong Kong, China. He is currently an
Assistant Professor in the State Key Laboratory of Analog and Mixed-Signal
VLSI, UM, Macao, China. He has coauthored one book: Design and Control
of Hybrid Active Power Filters (New York, NY, USA: Springer, 2014), two
Chinese patents, and more than 30 technical journals and conference papers.
His research interests include integrated power electronics controller, power
management IC design, power quality compensators, electric vehicle charger
and renewable energy.

Dr. Lam received the Macao Science and Technology Invention Award
(Third-Class) in 2014. He also received the Macao Science and Technology
R&D Award for Postgraduates (Ph.D. Level) in 2012 and the third Regional
Inter-University Postgraduate Electrical and Electronic Engineering Confer-
ence Merit Paper Award in 2005. In 2007 and 2008, he was the GOLD Officer
and Student Branch Officer of IEEE Macau Section. He is currently the Secre-
tary of IEEE Macau Section and IEEE Macau PES/PELS Joint Chapter.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


