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ABSTRACT To solve the three-phase unbalance and reactive power problems in the electric railway power
supply system, this paper proposes a Scott transformer based hypotenuse hybrid traction power system
(Scott-HHPS). Compared with other co-phase traction power supply systems, the Scott-HHPS could achieve
the same compensation objective with smaller active compensation capacity. The paper analyzes the basic
principle and makes a comparison between the Scott-HHPS and typical co-phase power supply system. The
mathematical relationships among the load current, power factor and capacity demand in condition of power
factor variation and regenerative braking are analyzed. In order to further reduce the compensation capacity
of the Scott-HHPS, the partial compensation strategy in respect to the index of power factor and unbalance
is proposed. Besides, an instantaneous current detection method based on the theorem of conservation of
power is adopted to simplify the control algorithms. Simulations and experiments are both constructed and
the results demonstrate that the Scott-HHPS can effectively improve the power quality in the electric railway
power supply system.

INDEX TERMS Electric railway, hybrid compensation, negative sequence current (NSC), power quality,
Scott transformer.

I. INTRODUCTION
Electric railway has been playing significant roles in region
connection, freight transportation, and economic develop-
ment. There are still some concerned problems and chal-
lenges in power quality such as unbalance, reactive power
and harmonics [1], [2]. In addition, in a traditional railway
power supply substation, electricity is always transformed
into two phases. The sections of phase splitting with isolation
insulators seriously restrict the railway development towards
high speed and heavy haul services.

Aiming for solving these problems, many schemes have
been proposed and some were put into practice. The compen-
sationmethods based on the static var compensator (SVC) are
discussed in [3], [4]. These passive methods can compensate
reactive power and have the advantages of convenience of
design, ease of application and low cost, but their response
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time cannot keep up with the requirement of dynamic com-
pensation and even bring harmonic pollutions.

With the development of switching devices, the power
quality problems caused by the nonlinear loads tend to be
solved by the advanced power electronics technology. A rail-
way static power conditioner (RPC) was proposed in [5], [6].
RPC was a pioneering innovation that excited many improve-
ments in the traction power supply system later [7]–[18].
RPC can compensate for the negative sequence current and
reactive power caused by the unbalanced loads of two feed-
ers. Negative sequence compensation systems based on the
three-phase voltage converter were proposed to improve the
power quality of a traction substation [7], [8]. The railway
hybrid power quality compensator (HPQC) with LC cou-
pled branch were proposed which could operate in lower
dc-link voltage [9]–[11]. A half-bridge-converter-based rail-
way static power conditioner which can reduce half of the
power switches was proposed [12]. Some high-power struc-
tures based on MMC were also proposed for railway power
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compensation [13]–[15]. The schemes integrate with spe-
cial circuit modifications were proposed [16], [17]. Refer-
ences [9], [18]–[21] removed the neutral section at the exit
of the traction substation, adopting single-phase feeding con-
nection scheme by comparing with RPC. The two adjacent
substations can supply in the same phase, so it was called co-
phase system. The above researches all demonstrate that the
compensation system based on the power electronic devices
is an effective solutions to power quality problems of traction
power supply system, but the capital cost restrict its wide
application in practice.

Because the cost of passive devices is much lower than
that of power electronics devices, some hybrid compensation
schemes are proposed to reduce the total compensation costs.
TCR, TSC and FC are typical representatives of passive
devices, which are commonly used to compensate reactive
power and filter low-order harmonics [22]–[26]. Magnetic
controlled reactor (MCR) is also adopted instead of the tradi-
tional passive device [20], [21]. The table 1 summarizes the
main characteristics of the SVC, RPC and co-phase compen-
sation schemes in the railway power supply system.

TABLE 1. Comparisons between SVC, RPC and Co-phase schemes.

Summarizing above researches, a great demand of load
active power is still needed to balance the three-phase cur-
rents even though the reactive power has been compen-
sated. It would be advantageous if the required active power
can be smaller, and hence the capacity of active devices
can be decreased accordingly. This paper proposes a Scott
transformer based hypotenuse hybrid traction power system
(Scott-HPSS), whose structure is shown in Fig. 1. The capac-
ity demand for active devices of Scott-HPSS is significantly
decreased by 29.3% compared with that of typical co-phase
power supply system. Furthermore, as the Scott-HPSS takes
only the hypotenuse voltage of the Scott transformer supply-
ing the loads, there will be no phase split at the exit of the
traction substation.

In order to explore the feasibility of the Scott-HPSS in
practice, the overall analysis of capacity demand is pri-
marily carried out. The compensation capacity is mostly
designed under the condition of a fixed locomotive power
factor [26], [27], actually which cannot cover all load power

FIGURE 1. Structure of the Scott-HHPS.

scenario. The compensation capacity under the condition of
regenerative braking is seldom discussed either. So in con-
sideration of power factor variation and regenerative braking,
this paper analyzes the compensation principle and capac-
ity demand under the full compensation in detail. As full
compensation is not always required in reality, the partial
compensation strategy in terms of power quality index is also
developed, which could further reduce the capacity demand
of compensation devices. Particularly, relying on the charac-
teristics of Scott transformer, a new current detection method
is proposed to simplify the algorithms, and the method can
also be applied to other balanced transformers.

This paper is organized as follows. The system structure
and comparisons with typical structure of co-phase system
are discussed in section II. In section III, the compensation
principle and capacity demand under full and partial com-
pensation are analyzed. A method to design a controller of
current detection is proposed in section IV. Simulation and
experiment results are presented to validate the feasibility of
the proposed topology and the control algorithms in sectionV.
Finally, the conclusion is given in section VI.

II. SCOTT TRANSFORMER BASED HYPOTENUSE HYBRID
TRACTION POWER SYSTEM
A. BASIC STRUCTURE
As illustrated in Fig. 1, the 220-kV three-phase voltages are
transformed into two 27.5kV orthogonal single-phase power
sources through the Scott transformer. The Scott transformer
is a kind of balanced transformer which is physically made
up of two single-phase transformers, simply named T and
M phase transformer. The secondary windings of T and M
phase transformer are connected in series and jointly feed the
traction loads across the hypotenuse voltage uo. For adapting
to the voltage rating of the power electronic devices, two
secondary voltages of T andM phase transformer are stepped
down by each isolation transformer.

The active compensation part is composed of a pair of
back-to-back H-bridge converters which are connected via

VOLUME 8, 2020 227025



L. Zhao et al.: Hybrid Power Quality Compensation System for Electric Railway Supplied by the Hypotenuse of a Scott Transformer

the common dc-link. These two H-bridge converters can
transfer active power from one ac side to the other and they
can also compensate the difference of reactive power between
the reference and the generated by the passive branches. The
passive compensation part is constituted of two sets of TCR
and FC, which could output a certain range of reactive power
from inductive to capacitive. The capacitor banks with the
help of series reactors can be tuned to filter third, fifth and
higher-order harmonics as a high-pass filter.

The equivalent circuit model of the system is depicted
in Fig. 2. UT ,UM are the secondary voltages of T and M
phase transformer, IT and IM are currents flowing through
the secondary windings of T and M transformer. ZsT and
ZsM are the sum of secondary side impedance of the system
sources and Scott transformer. Converters fed by UT and
UM voltages could be considered as two controllable current
sources and they output currents ITac and IMac respectively.
The equivalent output currents of passive TCR+ FC branches
are ITre and IMre respectively. Uo is the voltage of the power
supply arm, ZL and IL are equivalent load impedance and
traction current.

FIGURE 2. Equivalent circuit model of the Scott-HPSS.

The equations of the Scott-HPSS based on the Kirchhoff’s
current and voltage laws are as follows:

Uo = UT + UM , (1)
IT = IL −

ITac + ITre
k

IM = IL −
IMac + IMre

k
.

(2)

where k is the ratio of isolation transformers. To achieve
active power exchange and reactive power compensation,
the output currents ITac, IMac, ITre, IMre will be regulated
integrally to eventually realize grid balance.

B. COMPARISONS WITH TYPICAL CO-PHASE POWER
SUPPLY SYSTEM
The co-phase schemes of railway traction power supply sys-
tem take only one secondary voltage port of the traction
transformer supplying the loads, and the other port is con-
nected to active compensation devices. Scheme in [9] is a
typical representative of co-phase power supply system with
balanced transformer. Fig. 3 shows the profile of this type
of structure, marked with the symbol for convenience.
The hypotenuse structure in this paper is marked with the

symbol 6 . Compared with , 6 structure has three features
as following comments:

FIGURE 3. Topology of the type co-phase power supply system and its
phasor diagram.

1) VOLTAGE RATING
In structure, because the supply arm voltage is supplied by
the secondary port of a traction transformer, the secondary
voltages are exactly the voltage of the supply arm 27.5kV.
However 6 structure requires a lower voltage level by 1

/√
2

on account of the series connection of secondary ports of the
traction transformer. So the voltage level of compensation
devices and insulation requirements are reduced accordingly.

2) COMPENSATING CURRENTS
Fig. 3 shows the phasor diagram of structure. Taking
voltage port 2 for the locomotives, under the condition of
full compensation, the amplitudes of active compensating
currents I1cp and I2cp are equal and equivalent to the half of
the load active current. The reactive compensating current of
M phase I1cq is exactly the whole load reactive current and
there is no need for reactive compensating current in port 1.

The detailed compensation principle of 6 structure will
be analyzed in next section. It reveals that the amplitudes of
active compensating currents ITcp and IMcp are still equal but
equivalent to the half of difference of the active currents in
T and M phase. Comparing with structure, the active com-
pensating current is much less, and the reactive compensating
current is larger. Particularly when the power factor angle of
the load becomes zero, there is no need to compensate any
amount of active current in 6 structure.

3) TOTAL COMPENSATING CAPACITY
Fig. 4 shows a comparison of total compensating capacity
versus power factor angle θ (in radians) of the locomotives
between the and 6 structure. Take the apparent power of
the load as the base value, it can be seen that in the range
of θ from 0 to π

/
4, the average compensation capacity

of T and M phase of 6 type is always smaller than that
of type, which means 6 type structure has the superi-
ority of low compensation capacity to achieve the same
performance.
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FIGURE 4. Compensating capacity demand versus θ between and �
−

type structure.

III. COMPENSATION PRINCIPLE AND CAPACITY DESIGN
A. PRINCIPLE OF COMPENSATION
Take UA as the reference phasor, and a reference frame of
voltage could be defined as (3), the supply arm voltage Uo
lags behind UA by π

/
4.{

UA = U ,UB = Ue−j
2π
3 ,UC = Uej

2π
3

UT =
√
3
K U ,UM =

√
3
K Ue−j

π
2 ,Uo =

√
6
K Ue−j

π
4

(3)

where U is the rms value of primary three-phase voltages.
K =w1

/
w2, w1 and w2 are turns of primary and secondary

windings of its M phase transformer.
As shown in Fig. 2, when no compensation, the phasor

diagram including three-phase currents under the running
condition is shown in Fig. 5(a). The load current IL com-
pletely flows through the secondary windings of T and M
phase transformer, which means IT = IM = IL . At this
time, UT , IT and UM , IM are not in phases. The active and
reactive current flowing through the T phase are ITp and ITq
(lagging) respectively. The active and reactive current acorss
the winding of M phase are IMp, IMq (leading). They have
relationships as below

IT = ITp + ITq = Iu − jIv

IM = IMp + IMq = −jIv + Iu,
(4)

where 
Iu = IL sin

(π
4
− θ

)
Iv = IL cos

(π
4
− θ

)
.

(5)

Ignoring the harmonic components, IL is the rms value of
the fundamental component of the load current. Three-phase
currents on the primary side of Scott transformer is expressed
as 

IA = σ ILe−jθ

IB =

(√
3− 1

)
σ

2
ILe−jθ

IC = − (IA + IB) .

(6)

where σ = 2/
√
3 K . The three-phase currents is co-linear

and the unbalance degree of primary currents equals to 1.

FIGURE 5. Phasor diagram of voltages and currents in grid and secondary
side: (a) without compensation; (b) with compensation.

It is necessary to compensate a certain amount of active
and reactive power to realize three-phase balance. Fig. 5(b)
shows the current phasor diagram after full compensation, ITc
and IMc are total compensation currents for T and M phase
respectively under the condition of full compensation.

The active portion of compensation currents of T and M
phases are ITcp = 1Ip and IMcp = j1Ip. According to
equation (5), the amount of transferred active current 1Ip is

1Ip =
1
2

(
IMp − ITp

)
=

1
√
2
IL sin (θ) . (7)

The back-to-back H-bridge converters can be controlled as
a channel to transfer half of the difference of ITp and IMp to
equalize the active power of the two secondary phases. After
the active currents are compensated, the unbalance degree of
primary side currents has been reduced but not to 0. It is
still necessary for reactive power to be compensated. The
value of reactive currents to be compensated for the two
phases are ITcq = jIv and IMcq = −Iu according to the
equation (4). Eventually the three-phase currents in the grid
side are changed into

IA =
σ cos θ
√
2

IL

IB =
σ cos θ
√
2

ILe−j
2π
3

IC =
σ cos θ
√
2

ILej
2π
3 .

(8)
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The three-phase currents become balanced after compen-
sation. It can be seen that the amplitude of currents is propor-
tional to the active load current, because only active power is
supplied by the three-phase sources. The above calculation
results are also reasonable in braking conditions, when IL
is a negative and the load current is fed back into the grid.
Whatever conditions, the compensation devices at T and M
phases work together to realize the comprehensive treatment
of negative sequence and reactive power of the power grid.

B. CAPACITY ANALYSES
At present, locomotives with AC-DC driven are running
together with AC-DC-AC driving locomotives on many
lines [28], so the power factor in traction substations are not
always unitary. In previous literatures [26], [27], in order to
characterize the power consumption, analyses of compen-
sation capacity directly presuppose power factor to be the
value of calculation results from the 95% probability value of
active power and reactive power. But the assumption may not
reveal the poor operating condition for a general substation
and is not distinct for observing a full-scale impact of the
continuous changing of the loads on the capacity design. And
in the analyses, the compensation capacity under the regen-
erative braking is not considered either. Actually in braking
condition, some compensation settings for running condition
would even degrade the power quality of the three-phase
grid [29], so the regenerative braking situation should also
be taken into account into capacity design.

1) FULL COMPENSATION
As for wider adaptability, the power factor angle of locomo-
tives θ is assumed to vary from 0 to π

/
4 to stimulate the

two common kinds of locomotives. The secondary active and
reactive power compensation demand of T and M phase are
calculated as equation (9) and (10).

PTc = UT ITcp =

√
3
K
U ×1Ip

PMc = −UM ITcp = −

√
3
K
U ×1Ip,

(9)


QTc = −UT ITcq = −

√
3
K
U × Iv

QMc = UM IMcq =

√
3
K
U × Iu.

(10)

The sign ‘+’ of P states the active power is absorbed
by the compensation system, ‘-’ states the active power is
generated by the compensation system. The sigh ‘+’ of Q
means the compensation device of T or M phase behaves like
a capacitive source and ‘-’ means it behaves like an inductive
source. Under running conditions, IL is a positive number
and in braking states, IL is a negative number. Fig. 7. shows
the relationships of compensation power demand in T and M
phase versus IL and θ in full compensation condition. Take the
maximum power of the load as a base value and themaximum
braking current is presumed to be 0.75 times of the maximum
running current [30].

FIGURE 6. Compensation capacity demand in: (a) phase T; (b) phase M.

Fig. 6(a) shows the compensation power demand of T
phase. The maximum transferred active power occurred at
(IL , θ) =

(
1, π

/
4
)
with value of 0.35 under running con-

dition (IL > 0). Demand of reactive power compensa-
tion increase with the rising of load current, and reaching
a negative maximum value of -0.71 at the point (1, π

/
4).

In braking condition (IL < 0), there is no active power
to be compensated since only PWM-controlled locomotives
have the capability of regenerative breaking and their power
factor angle always keeps 0. At this time, the direction of load
current is reversed and begins injecting into the power grid.
The lagging reactive current in running condition is converted
to the leading one, so the reactive compensation should be
replaced with some inductive current.

Fig. 6(b) shows the variation of compensation power
demand of the M phase. The active power delivered via dc
capacitor is completely opposite to that in (a), because the
active power is conservative. It reaches the maximum value
of -0.35 at (1, π

/
4). But the maximum value of reactive

power compensation demand occurs at (IL , θ) = (1, 0) with
0.5. In braking condition, the load reactive current gets zero,
and there is no need to transfer the active power either. The
amount of reactive power decreases to a limit which depends
on the maximum braking current.
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According to the above analysis, it is obvious that the
amount of compensation power of T and M phase have
asymmetrical range and except for structural reasons, it also
depends on the braking current coefficient. The passive
branches of Scott-HPSS should meet both the power com-
pensation demands in running and braking condition. So the
rating of the TCR’s capacity is designed larger than the rating
of the capacitor’s by an amount to provide the maximum
lagging vars that have to be absorbed from the system. For
T phase, the capacities of FC1 and TCR1 are written as
following respectively.

|QFC1| =

√
3U
K

Imax

QTCR1 = |QFC1| +

√
6U
2K

ηmaxImax,

(11)

where ηmax is the maximum braking current coefficient.
For M phase, the capacities of FC2 and TCR2 are

respectively:
|QFC2| =

√
6U
2K

ηmaxImax

QTCR2 = |QFC2| +

√
6U
2K

Imax.

(12)

The capacity demand of back to back converters is
designed in formula (13) based on the maximum capacity
demand, which could meet both the active power compen-
sation demand in the condition of barking and varying power
factor from 0 to π

/
4.

SRPC =

√
2
4
Smax. (13)

Smax is the maximum apparent power of the load. Within
the same range of power factor angle and braking condition,
the minimum active compensating capacity demand of
structure is as much as 1

2Smax . As a comparison 6 structure
could effectively reduce the capacity of active compensation
section by 29.3%. In practical application, considering that
the residual margin of the active devices could provide fast
dynamic reactive power as a supplement for the passive
branches. The designing capacity of active devices can be
appropriately enlarged according to the actual situation

2) PARTIAL COMPENSATION
In practical applications, full compensation is not often
required, so it is significant to propose a partial compensation
strategy that satisfies the indexes of the power quality. The
partial compensation strategy can be summarized as a strat-
egy with reactive power compensation prior to the negative
sequence current compensation. The power factor λ is a
reflection of reactive power in the grid side. In view of the
secondary side [31], λ can be expressed as

λ = cos

(
tan−1

QL +
(
Q′Mc + Q

′
Tc

)
PL

)
, (14)

PL ,QL is the active and reactive power of the load. As the
compensation system will not change the total amount of
active power, only reactive power can be compensated to
satisfy the requirement of power factor. The superscript
means the variables belongs to the partial compensation, and
Q′Mc,Q

′
Tc is the partially compensated power for T and M

phase. Specially, full compensation corresponds to λ = 1,
when Q′Mc + Q′Tc = QMc + QTc = QL . As for an expected
power factor of λr , the capacity demand in partial compensa-
tion and full compensation have a relationship(

Q′Mc + Q
′
Tc
)
= tan

(
cos−1 λr

)
PL + (QMc + QTc) . (15)

The above relationship only regulates the sum ofQ′Mc,Q
′
Tc.

So define µ as a distribution factor of reactive power com-
pensation, the partial compensation capacity Q′Mc,Q

′
Tc are

written as (16). It is very meaningful to find a value of µ to
minimize negative sequence currents.{

Q′Tc = QTc + µ tan
(
cos−1 λr

)
PL

Q′Mc = QMc + (1− µ) tan
(
cos−1 λr

)
PL .

(16)

Assume that the unbalanced active current have been fully
transferred via the active compensation part, the residual
reactive currents in phase T and phase M after partial com-
pensation become

I ′Tq =
Q′Tc + QT

UT
= µ
√
2 tan

(
cos−1 λr

)
I ′Mq =

Q′Mc + QM
UM

= (1− µ)
√
2 tan

(
cos−1 λr

)
.

(17)

The power factors of T and M ports are current ratios of
their active portion and the sum values. They are respectively
denoted as ϕ′T and ϕ′M and expressed as
ϕ′T = tan−1

(
I ′Tq

ITp+1Ip

)
=
√
2µ tan

(
cos−1 λr

)
ϕ′M = tan−1

(
I ′Mq

IMp−1Ip

)
=
√
2 (1− µ) tan

(
cos−1 λr

)
.

(18)

In balanced transformers, when power factors of two port
loads are equal, the negative sequence currents generated by
the two port loads weaken each other. So we let ϕ′T = ϕ′M ,
it leads to a distribution factor µ= 0.5, which is exactly
the number that could reduce the negative current to the
maximum extent.

IV. CONTROL ALGORITHM OF THE SCOTT-HPSS
In order to detect active and reactive portion of the load
current, single phase current detection method is adopted.
It always requires an orthogonal single generation (OSG)
block to provide the orthogonal component of the load cur-
rent in static frame. OSG is implemented using phase shift
methods such as Hilbert transform, time delay, all pass filter,
and SOGI. No matter what method is used, the delay of cre-
ating π

/
2 phase shift will slow down the dynamic response

of the control system. But in this paper the method of the
load current detection abandons the traditional OSG block

VOLUME 8, 2020 227029



L. Zhao et al.: Hybrid Power Quality Compensation System for Electric Railway Supplied by the Hypotenuse of a Scott Transformer

and generates the reference currents in view of the whole
three-phase system.

In the Scott traction power system, the secondary voltage
of T transformer is in quadrature with that of M transformer.
Since Scott transformer is a kind of balanced transformer,
with equal voltage amplitude and π

/
2 phase displacement,

the voltages and currents of Scott secondary ports could be
seen as naturally Clark transformation from the primary side.
So we take directions of uT and uM as static orthogonal
reference frame, as they could constitute a rotating voltage
vector, which is written as follows, j is imaginary unit

ujωt = cos (ωt)− j sin (ωt) . (19)

Assuming the load current only contains fundamental com-
ponent and is defined as

iL =
√
2IL cos

(
ωt −

π

4
− θ

)
(20)

iL has a power angle θ lagging of the supply arm voltage uo.
If no compensation, there would be iT = iM = iL . Because
the Scott-HPSS is a three-phase to single-phase system, based
on the theorem of power conservation, the active and reactive
power of the load are equivalent to that of three-phase. Hence
it could be obtained through the matrix below on the basis of
the theory of instantaneous reactive power.[

ip
iq

]
=

[
cosωt sinωt
sinωt − cosωt

] [
iT
iM

]
=

[
īp
īq

]
+

[
ĩp
ĩq

]
. (21)

The dc components of ip and iq respectively correspond to
the rms value of active and reactive load currents and they are{

īd = IL cos θ
īq = IL sin θ.

(22)

Compared to conventional current detection method [15],
utilization of inherent orthogonality of balanced transformer
and theorem of power conservation could save three steps
in conventional control algorithms, including OSG block of
voltage uT and uM and detection of the arm supply voltage
uo. Hence the overall calculation burdens could be reduced
and the calculation speed could be increased during each
sampling period.

Because in the compensation system, the tasks of active
and reactive are performed by different devices separately,
the reference current of T and M phase converter i∗Tcp, i

∗
Mcp

could be written as (23) according to Fig. 6(b) and equa-
tion (6). The minus denotes the M converter is sending out
the active power.{

i∗Tcp =
√
2×1Ip × cosωt = iq × cosωt

i∗Mcp = −
√
2×1Ip × sinωt = −iq × sinωt.

(23)

The dc-link voltage of the capacitor in back-to-back con-
verters should be stable to maintain the normal operation
of the system. Tracking error between the voltage refer-
ence udc_r and the detected dc-link voltage udc is sent to a

proportional-integral (PI) regulator to compensate the con-
sumed active power. Current regulation after PI voltage con-
troller together with i∗Tcp, i

∗
Mcp constitute the reference current

i∗Tac, i
∗
Mac for the back-to-back converters. The reference cur-

rent detection algorithm is shown in Fig. 7.

FIGURE 7. Reference current detection algorithm.

Based on the analysis in section III.A, the amplitude of
reference reactive current for TCRs I∗Tre, I

∗
Mre could be seen as

an addition and a subtraction of two components respectively{
I∗Tre = −Iv × sinωt = −

(
īp + īq

)
× sinωt

I∗Mre = Iu × cosωt =
(
−īp + īq

)
cosωt.

(24)

The current differences between reference and actual cur-
rent of the passive branches could be sent to RPC to slightly
make up for the relatively low response speed of passive
branches. The current control of the TCR is performed
through the control of firing angle.

V. SIMULATION AND EXPERIMENTAL RESULTS
A. SIMULATION RESULTS
To further verify the feasibility of proposed system and
control algorithms, simulations are carried out by Mat-
lab/Simulink. Three different load scenarios are separately
modeled with a resistor, inductor-resistor and current source.
Simulations consist of two parts. The first part is to prove the
proposed system and the control algorithm, and the second
part makes a performance comparison with type structure.
The detailed simulation parameters are shown in Table 2.

To assess the compensation performance of the Scott-HPSS
system, three different load cases are set to represent dif-
ferent operating conditions. Case 1 is set according to
the PWM-controlled locomotives with PL = 8MW ,QL =
6Mvar, θ= 0◦. Case 2 simulates the locomotive that has a low
power factor with PL = 8MW ,QL = 6Mvar, θ = 36.87◦.
Case 3 simulates the condition of regenerative braking with
PL = −4MW . Fig. 8 (a)(b)(c)(d) show the waveforms of the
three-phase grid voltages and three-phase currents of case 1,
2 and 3 separately. Before 0.1s, there is no compensation,
and the compensation system is put into work at 0.1s. After
nearly a quarter cycle, the reference signal could be tracked
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TABLE 2. Simulation parameters.

and the compensation system achieves good compensation
performance in reactive and unbalanced current.

In Fig. 8(b), the load of case 1has unitary power factor. It
can be seen there is amounts of unbalance and reactive power
without compensation, but after 0.1s three-phase currents get
compensated and they are balanced and in phase with three-
phase voltages.

In Fig. 8(c), during 0∼0.1s the current waveforms are
similar to that of case 1, but their phases are little shifted
backwards. The compensation results after 0.1s are samewith
that of case1, because only active power are absorbed from
three-phase power grid after compensation.

Fig. 8(d) simulates the regenerative condition of the load,
there is braking energy fed back to the power system. When
no compensation, the direction of the three-phase currents is
completely inversed with the direction of case 1 and case 2.
During 0.1∼0.3s the unbalance and reactive currents have
been compensated and only the active portion of the load
current is injected into the three-phase power system via the
Scott transform. The current waveforms are opposite to that
in case 1 and case 2 and their amplitudes reduce by as much
as half of the value in case 1 and 2.

Fig. 9(a) shows the traction supply voltage uo and load
current iL in case 2 with lagging power factor angle of 36.87◦.
Fig. 9(b) is the corresponding three-phase currents adopting
type structure. Fig. 10 shows the calculation results of com-

pensation power for case 2 in 6 and structure. Fig. 10(a) is
the result of structure with T phase arm supplying the load.
At 0.1s, the compensating system is set to work. It can be seen
that when the system reaches the steady state, the delivered
active power from the T phase to M phase is about 4MW.
Reactive power compensated in T phase is -6Mvar and 0 inM
phase. There is no reactive power compensation of M phase
and the results verify the above analyses.

Compared with the structure, the compensated active
power of 6 structure is 3MW, smaller than that in Fig. 10(b).
In fact with the increasing of power factor, the amount of
active compensation capacity gap between the two structures
will be larger. The reactive power compensated in T phase
is -7Mvar and 1Mvar in M phase. Although the sum of

FIGURE 8. Three-phase voltages and currents of �
−

Scott-HPSS:
(a) three-phase voltages; (b) three-phase currents in case 1;
(c) three-phase currents in case 2; (d) three-phase currents in case 3.

reactive power need to be compensated is larger than that
of structure, the reactive power could be compensated
by passive devices instead of active devices. So it means
Scott-HPSS system has a cost advantage due to the smaller
active capacity demand and substitutability of the expensive
power electronics.

B. EXPERIMENTAL RESULTS
An experimental setup rated at 2kVA has been built in the
laboratory. A resistor (R) and a resistor-inductor (RL) load
are adopted to represent two kinds of actual traction loads.
The experimental setup is supplied by a three-phase power
network simulator and it next connects to a Scott transformer.
Then an isolation transformer in phase T of the Scott trans-
former is employed for electrical isolation. Table 3 gives the
specifications of experimental parameters.
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FIGURE 9. Voltages and currents waveforms of structure: (a) traction
arm voltage and load current; (b) three-phase currents.

FIGURE 10. The output active and reactive power of case 2 in: (a) type
structure; (b) �

−
type structure.

1) R LOAD CONDITION
Fig. 11 demonstrates the experimental results with the resistor
of 20.8�. From Fig. 11(a), it can be concluded that in pure

TABLE 3. Experimental parameters.

resistive load condition, the compensating current for T phase
is completely capacitive and for M phase is purely inductive,
but their amplitudes are equal. In this occasion, there is no
active current being transferred, this result is consistent with
the aforementioned analysis. Fig. 11(b) shows the winding
currents of Scott transformer. It can be seen the two secondary
currents are equivalent in amplitude and synchronized with
each secondary voltages. The compensation performance is
satisfied.

FIGURE 11. Experimental results of R load: (a) secondary voltages and
compensating currents of T and M phase; (b) secondary voltages and
wingding currents of T and M phase.

2) RL LOAD CONDITION
About the resistive-inductive load, the compensation char-
acteristic is asymmetric. From Fig. 12(a), the amplitude of
compensating currents is no longer equal and the phase shifts
with corresponding secondary voltages is no longer π

/
2

either. For T side, the phase displacement of ITc is ahead of

227032 VOLUME 8, 2020
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FIGURE 12. Experimental results of RL load: (a) secondary voltages and
compensating currents of T and M phase; (b) secondary voltages and
wingding currents of T and M phase.

FIGURE 13. Secondary compensating currents: (a) when the control is
implemented; (b) when the load changes from 15.8�+10mH to 15.8�.

phase voltage UT by less π
/
2. For M side, the phase angle

between IMc and UM is lager than π
/
2.

Fig. 12(b) shows that winding currents in RL condition are
balanced after compensation. Comparing with R condition,
the active currents are less due to the smaller active portion
of the load.

3) TRANSIENT PROCESS
During the first two periods, compensation system is not
activated and the compensating current of T and M port is

zero for the time. Then compensation control is enabled from
the red line in Fig. 13(a), the system responses quickly to a
steady state with load of 15.8�+10mH. The slight overshoot
is considered to be energy needed for lifting the dc-link volt-
age from the precharge to the reference value. The Fig. 13 (b)
shows the transient process of compensating current of T
and M port from the load of 15.8�+10mH to the condition
of 15.8� at the red line. The compensation system quickly
converts to another steady state with the equal amplitude of
compensating current. The experimental results indicate that
the control algorithm can respond to the disturbance in time.

VI. CONCLUSION
This paper proposes a Scott-HPSS to improve the power
quality of the electric railway power supply system. Com-
pared with other types of co-phase power supply system,
the capacity for active compensation of the Scott-HPSS could
be decreased by 29.3%. The voltage rating of compensation
devices is reduced by 0.707 in the same condition. In order to
further reduce the cost of the system, a partial compensation
strategy is proposed based on the power factor and unbalance
degree. Then a current detectionmethod is explored and it has
a brief arithmetic. The comparative simulations and exper-
iments all verify the feasibility of the proposed system. The
results also show that the control algorithm of the Scott-HPSS
is reliable and satisfactory.

For practical application, the capacity of Scott trans-
former in HPSS needs to be investigated overall, such
as the maximum phase current, operation arrangement of
the loads and the overloading demand of transformer;
besides, the modification of winding connection needs to
be taken into account as well. Future works also include
the establishment of comprehensive control method for cas-
caded back-to-back converters, such as the balance of dc-
link voltages and improvement of current distortion in all
range.
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