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Negative Sequence Current Optimizing Control
Based on Railway Static Power Conditioner in V/v
Traction Power Supply System

Dinghua Zhang, Zhixue Zhang, Member, IEEE, Weian Wang, and Yanling Yang

Abstract—In order to bring railway static power conditioner
(RPC) into full play in suppressing negative sequence current in
the V/v traction power supply system, the reason of negative se-
quence current and compensation mechanism were analyzed, and
the mathematical model with minimum negative sequence current
under the constraint of voltage fluctuation, power factor, device ca-
pacity, transformer winding capacity, and energy conservation was
set up. For solving the small-scale multidimensional nonlinear and
constrained optimization problem, an intelligent algorithm based
on sequential quadratic programming (SQP) method is proposed
through a comparative analysis of existing optimization algorithms
and the traditional analytical method. The proposed algorithm is
capable to complete an optimizing computation process in several
milliseconds with the precision of 0.1 A, and its computational ef-
ficiency and precision can meet the needs for real-time control of
RPC. A self-adaption real-time optimization computing platform
was built in combination with detectable analogue quantities of
traction power supply system and RPC, including catenary net-
work voltages, feeder currents, and compensation currents. Sim-
ulation and engineering experimentation results are provided to
illustrate that the model and its computation are effective and fea-
sible.

Index Terms—Negative sequence current, power quality, railway
static power conditioner (RPC), sequential quadratic program-
ming (SQP), V/v traction power supply system.

I. INTRODUCTION

N recent years, China has seen a rapid development in its
I railway electrification, which is mainly characterized by high
speed and heavy load. As the development of power grid relative
lags behind the railway, existing old power supply equipments
are utilized for most of the traction power supply except pas-
senger dedicated lines. As a result, in such low-capacity power
supply systems, power grid is more and more sensitive to the
power-quality problems produced with increase of large power
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locomotive loads. As ac—dc—ac electric locomotives have re-
placed ac—dc electric locomotives to be the main load [1], the
problems of low power factor and low-order harmonics have
been relieved. However, with the increase of single-locomotive
power and running density in same catenary, big negative se-
quence current and wide frequency-domain harmonics turn to
be the two major problems. The former is particularly acute,
motor efficiency of sharing the same power grid is decreased,
meanwhile system loss is increased, etc [2]—[7]. Under different
topography, scheduling, and working conditions of locomotive,
output powers of two-phase windings have significant difference
due to imbalance of traction loads, and even one-phase winding
provides traction power and the other one absorbs regenerative
braking power [8]. If the heavy load locomotive runs on this
power supply system, the problem that the single-phase wind-
ing cannot provide so big power supply will occur, meanwhile
power of the next phase winding will be superfluous. This is
caused by improper power distribution in two phases, and the
utilization rate of whole transformer is low, meanwhile negative
sequence current is high.

To solve such problems, many researches have been carried
out in two approaches, i.e., change of power supply mode and
addition of compensating device. For the first approach, three-
phase power is rectified to dc power and then converted to
single-phase ac power for traction network. The traction net-
work and the three-phase power grid is isolated by dc section;
therefore, no negative sequence current will be generated un-
der facultative supply mode. In addition, the whole power of
traction transformer is circulating [2], [9]-[11], and the phe-
nomenon of insufficient power in the one phase and super-
fluous power in the next phase will not occur. For the sec-
ond approach, compensating devices can be added on high-
voltage (HV) side of the traction transformer or the traction side
[12]-[14]. Static var compensator (SVC) and Static var gen-
erator with delta connection can be installed on the HV side,
and reactive power and negative sequence current can be sup-
pressed by individual phase control [15]. However, the prob-
lem of insufficient power supply caused by improper power
distribution of two phases will not be improved in this mode.
For compensation on the traction side, negative sequence cur-
rent is eliminated by controlling power exchange of two-phase
windings and producing reactive power independently, and the
efficiency of transformer is promoted by active power cir-
culating. Railway static power conditioner (RPC) was initi-
ated by Japanese researchers in 1993, which consists of arbi-
trary topology ac—dc—ac converter connected to two secondary
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windings of traction transformer. The traction power quality
can be improved by controlling the quantity of transferred
active power, independent reactive power, and harmonics in
RPC two ports. Meanwhile, power of traction transformer can
be reallocated by controlling transfer of active power between
of two windings so that utilization rate of traction transformer is
improved, and the problem of insufficient power supply caused
by improper power distribution of two phases is solved. These
functions of RPC are verified on Japanese Shinkansen in 2002
[16], and becomes a dedicated device against negative sequence
current in traction system.

RPC is an effective way for railway authority to have full con-
trol over negative sequence current and is also the only means
to realize maximum utilization of existing traction transformer.
A number of researchers have studied in topologies, control
technologies, and capacity calculation methods of RPC [17]-
[20]. For example, the 4.2MVA multiple RPC researched by
Tsinghua University and Rongxin Power Electronic Co., Ltd.,
was tested in Nanxiang, Shanghai, in 2009, and the I0MVA
cophase power supply system based on RPC is researched by
Southwest Jiaotong University, CSR Zhuzhou Electric Loco-
motive Research Institute Co., Ltd., and other companies, and
it was tested in the Meishan Traction Substation of Sichuan in
2011 [21]-[22]. These test results fully verified that RPC pos-
sesses the function to realize comprehensive compensations on
negative sequence, reactive power, and harmonics, simultane-
ously. In addition, in order to reduce the capacity of RPC for
compensation to reactive power, some researchers have studied
and analyzed varied hybrid compensation modes with integrated
RPC and LC or SVC [23] to cancel neutral section without elec-
tricity; some scholars even have studied cophase power supply
based on RPC in combination of catenary rebuilding [21]-[22].
Fruitful results have been achieved in these studies, which laid a
solid theoretical and technical foundation for RPC application.
In consideration of the device utilization rate and initial invest-
ment in actual project, capacity for RPC is designed based on the
difference between mean active power of two phase windings
as well as the mean reactive power of each phase. Moreover, as
large capacity of RPC is restricted by power electronic devices
and topology, the capacity of project RPC is generally smaller
than needed power. In addition, with rapid increase of railway
loads, redundant capacity of RPC is likely to fail to meet the
actual requirements in the future. Especially in imbalance trac-
tion transformers, RPC not only transfers active power but also
provides reactive power to eliminate negative sequence current;
it brings about more high capacity than used in balance traction
transformers with the same condition. The analytic compensa-
tion method was proposed for ensuring both the unity power
factor and zero negative sequence current [17], but RPC capac-
ity, voltage fluctuation, and winding capacity are not considered.
So, how to obtain the minimum negative sequence current under
limited RPC capacity in V/v type or other imbalance transformer
is, therefore, an urgent problem of both theoretical and practical
significance. Currently, no relevant document is available in this
aspect. In this paper, a mathematical model minimizing the ab-
solute value of negative sequent current was established under
voltage fluctuation, phase winding capacity, compensation ca-
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Fig. 1. Schematic diagram of V/V traction power supply system with RPC.

pacity, and other constraints. In order to obtain optimal values
of active and reactive power on both ports of RPC, an opti-
mization algorithm based on sequential quadratic sequence was
proposed, and the real-time performance and accuracy were ana-
lyzed. The engineering prototype system and control strategy of
RPC are realized; theoretical analysis is verified by simulation
and experiment, simultaneously.

II. POWER OPTIMIZATION MODEL FOR RPC-BASED V/v
POWER SUPPLY

A. Expression of Negative Sequence Current

See Fig. 1 for schematic diagram of V/v wired traction power
supply system with RPC, and the right feeder section is denoted
as Phase a and the left feeder as Phase b. } As } B,and } ¢ are three
primary phase current of traction transformer, respectively, j: a
and 1.' 1, are the feeder current of Phase a and Phase b. 6, is the
lagging phase angle of Id against Ud, and 6y, is the lagging phase

angle of I b against U . Provided that the turns ratio between
primary and secondary winding of traction transformer is k, the

negative sequence current [, _and [},_ can be obtained with the

action of [, and [y, respectively, and can be expressed as

T = ~(Ia+a’ly+al fF0) (g

( A B c) \fk (1)

}b— = }(.;A + QQ_;B +OZ}C) = iei(ﬂfﬂl). )
3 V3k

In the above formula, where ov = ei(‘ZT'T), all the negative

sequence current }, can be gained based on the superposition
principle
i(m— 6\))). (3)

L] L] L] 1
I—:Iaf‘i’Ib—:i(Ia i-% )+Ib

V3k

Due to Phase a is in-phase with CA phase of three phase, and
its negative sequence compensation offset angle is— /3, so the
compensation angle is the sum of —6, (original power factor
angle) and —7r/3. Similarly, due to Phase b is in phase with BC
phase of three phase, and its negative sequence compensation
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TABLE I
NEGATIVE SEQUENCE CURRENT OFFSET ANGLE OF V/V TRACTION SUBSTATION

Phase in which supply section is connected to the system
Offset angle of negative sequence component

Between A and B phases
w/3 ™

Between B and C phases ~ Between C and A phases

—-7/3

‘ LPF }Tad—{
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Fig. 2. Vector relation from abc to the dg coordinate.

offset angle is 7, so the compensation angle is the sum of —6,
(original power factor angle) and 7. Similarly, assume Phase a is
in phase with AB phase of three phase, and its negative sequence
compensation offset angle is /3, so the compensation angle is
—0, (original power factor angle) plus 7 /3, as shown in Table L.
Therefore, regardless of the ways of power supply, the total
negative sequence component can be obtained by superposition
principle.

B. Constraints and the Objective Function

In Fig. 1, it is assumed that the capacity of Phase a supply

section is S, , and }La and }a(, are the load current and compen-
sating current, respectively. P, and Q., are the active power
and reactive power of RPC, P, and (), are the active power and
reactive power of feeder, and P, and (Jr, are the active power
and reactive power of load in Phase a, respectively. It is also
assumed that the capacity of Phase b supply section is .S}, and

}Lb and }bc are the load current and compensating current, re-
spectively. P, and @}, are the active power and reactive power
of RPC, P, and @)y, are the active power and reactive power of
feeder, and P}, and (11, are the active power and reactive power
of load in Phase b, respectively. The transfer principle is shown
inFig. 2,and U,q , Uy, sin w,t, and cos w,t can be obtained by

the phase-locked loop (PLL) for [} a- }a‘, and }ac can be divided

into I,q, Iq » Laca, and I,.. Similarly, load current }La can be
divided into Ij,,q and Iy, .Other variables are decomposed in
the same way.

As dc value is more convenient for realizing static error-free
tracking control under two-phase dg coordinates, active power
P, and reactive power (), of Phase a winding, and active power
P., and reactive power )., of Phase a port of RPC are expressed
using Uyq, Lo, Lags Laca, and Iy, in the following formula:

P, = %Uad LY
1 @
Qa = QUad L4 Iaq
[jca = %Uad L4 Iacd
(%)

. .
Qeca = §Uad o Iucq

Similarly, through phase locking of (}b, Upa, Uyq, sinwyt,

and cos wy, t can be obtained. [}, and [y, can be divided into [}, 4,
I,y and Iy,cq, I cq by trigonometric function value of sin wyt

and coswyt. Load current }Lb can be divided into I,q and
It bq. Active power P, and reactive power @)y, of Phase b of
traction power supply and active power P}, and reactive power
Q1 of the Phase b port of RPC are expressed with Uyq, Ihq,
Iy, Iiyca, and I,y in the following formula:

P, = 1Uhq ® Iya
) (6)
Qv = 3Upq @ Iq
Puy, = $Upq ® Iyea
@)

) .
Qcb = 5Una @ Iieq

1) Restriction of Voltage Fluctuation Range: The impe-
dance is high for both of small traction transformer and traction
network line, and the fluctuation of electric locomotive load is
high too. So the voltage of traction network changes drastically,
and both overvoltage and undervoltage impose unfavorable im-
pact on electric locomotives: Overvoltage will damage the elec-
tric insulation of the locomotive, while undervoltage will result
in insufficient traction of the locomotive and consequent reduc-
tion in velocity. For important auxiliary machines including air
compressor, traction motor, and ventilator particularly, low volt-
age is likely to cause insufficient torque, which can result in such
safety hazards as inadequate air braking force and overheating
of traction motor. Assume AU is the voltage drop, which is pro-
duced by reactive current in inductive reactance, and AU, is the
voltage drop, which is produced by active current in resistance.
AU, and AU, have the same phase with the ideal voltage of the
electric traction network. Meanwhile, assume AUj; is defined
as the voltage drop of reactive current in resistance, and AUy is
the voltage drop of active current in inductive reactance. AUj
and AU, are perpendicular to the ideal voltage of the electric
traction network. Voltage drop in the horizontal direction con-
tributes much more to the fluctuation in traction network voltage
than that in the perpendicular direction; and as such AU; and
AU, are the primary cause for voltage fluctuation, and AUj and
AU, are negligible for the purpose of this discussion. In Fig. 1,
it is assumed that L, and R,, and I, and R}, are the impedance
and resistance of Phase a and Phase b, respectively, and the total
voltage drop of Phase a winding AU, and the total voltage drop
of Phase b winding AU}, are following:

AU, = %(Iaq owl, +1,qe Ra)

®)

AU, = L (Ibq oewly +1pq e Rb)

5

2
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where I, and 1,4, and I,q and I;,q are reactive current com-
ponent and active current component of winding current /, and
I, respectively. Let us further assume the maximum and min-
imum value of the fluctuated voltage as Uy axyr and Upax—,
respectively, then they shall meet the following requirements:

\/§Umaxf < Iaq L4 WLa + Iad L4 Ra < \/iUmafo
.9
\/§Umaxf S Ibq L4 WLb + Ibd L4 Rb § \/iUmaer

2) Restriction of Total Power Factor: Although the check
point of power factor is the three-phase entrance of transformer,
the reactive power loss due to the leakage reactance of the
transformer is relatively less. As long as the reactive power on
the traction side after compensation satisfies formula (10), the
requirement that the power factor of the electric traction system
shall not be less than k¢ can be met, and monetary penalty due
to insufficient power factor can be avoided. Formula (10) can
also be written in its equivalent form, formula (11) using U,4,
Uvds Laas Ina, Lag, and I, as follows:

Po+ Py > kin/(Pa+ P)? + (Qa + Q)2 (10)
Uad ® Inq + Upq @ I1q

(Una ® Lg + Upa ® Ipa)®
> ke (1D

+(Uad L4 Iaq +Upq ® Ibq)2

3) Restriction of Equipment Capacity: As the total current
is limited by power electronic device, the instantaneous value
of I, and [;,. of RPC are restricted in any condition. Assumed
the maximum of device is /. ,ax, the rule that I,. and I, are
less than [}, must be satisfied. Restricted by equipment on the
dc side of the RPC, the maximum of transferred active power is
Py ax. In order to realize heat dissipation and stability, the actual
transferred active power P, is not greater than Py,

[Pel < (Pax)
Lac| < Temax 12)
[Ive| < Temax

It can be expressed by voltage and current as

|%[]ad ° Iacd‘ S (Rnax)

|%Ubd L Ib(:d| S (Rnax)

2

\/Iacd + Igcq < Icmax
2 >

\/ Toea T heq = Lemax

4) Restriction of Transformer Capacity: As the capacity of
the transformer is limited, the instantaneous power of Phase a
and Phase b after compensation shall not be greater than the
rated capacity of each winding, i.e. S, and S}, That is, they
shall meet given formula

VP + Qi < S,
VEEFQI< S,

(13)

(14)

It can be expressed by voltage and current as

%Uad ® 4/ Igd + Ie?q < S
LUva o /I3, + <S5

5) Restriction of Equal Active Power Transmitted: As the
loss of RPC is neglected, and compensating device does not
produce active power, the active powers transmitted by both
ports of RPC, therefore, are equal

5)

Uaa ® Lica = —Upa @ Inca- (16)

6) Objective Function: The module value is the minimum
when the objective function is a negative sequence current vec-
tor. It is expanded from the Euler’s formula e’ = cos 6 + i sin 6
by combining with formula (3)

min |},| = min

1 - .
— (Lel=50) +Ibel<”’9b)>
7

2 ) cosfa V3sin b,
{ IadJrIaq( 2 2 )

2
1 — /I + ng cos(&b)}
- ' (17)
V3k +{ 2+ 12, (_@f%e _ 1sx;9a>

2
+4 /12y + ng sin(@b)}

where 0,=arctan(l,,/I,,) and 0,=arctan(l,,/I;,). In the
mathematical model established by the above constraint condi-
tion and objective functions, L,, R, Ly, Ry, Unax —» Unax +»
kt, Phax> Lemaxs Sa, and Sy, are determined by the actual pa-
rameter and demand of the electric traction network, U,q and
Uy q are determined by real-time feedback value by the winding
voltage of Phase a and Phase b of the traction transformer, which
can also be regarded as known values. Therefore, only variables
Icas Lacqs Iyeq» and I, are unknown and need to be solved. It
can be seen from KCL theorem that /4 and I, are collectively
determined by /, .4 and I, and actual load I, , 4 and I} , . That
is, they shall satisfy

Laa = ILa‘d + Iacd
. (18)
Iaq = ILaq + Iacq
Similarly, we also have formula (19).
Iyqa = ILbd + Ibcd
(19)
Ibq = Iqu + Ibcq

In the above two formulas, I; 4, ILaq, I; 4, and Iqu are

determined by the actual load and can be regarded as known
values. Therefore, I, Iacq, I, .4 and IbCq need to be found in
this mathematical model for a satisfactory solution.



204

Fig. 3. Nonlinear objective function of the negative sequence current op-
timization problem (local). (a) Optimizing path of variables in Phase a. (b)
Optimizing path of variables in Phase b.

III. NEGATIVE SEQUENCE CURRENT OPTIMAL COMPUTATION
A. Feature analysis of optimization objective

In essence, optimization of negative sequence current is a sin-
gle objective solution problem about multidimensional strong
coupling and multinonlinear constrained optimization. There
are three factors for the optimization problem, namely, de-
cision vector, objective function, and constraint conditions.
The decision vector of negative sequence current optimization

is [Looq Locq Lyeq 1

T . . ..
acd Lacq bcq] , a four-dimensional decision vector,

and the objective function is the minimum value of |_;_| Con-

straints include both inequality and equality constraints.
Strong nonlinear characteristics of function are shown in

Fig. 3, and simulation parameters are in consistent with Table II.

The optimizing process of objective function | } _| varying with
I, .q and I, ., within the range of [-500, 500] when I, .q = I, .,
= —50 is shown in Fig. 3(a) and (b) shows the optimizing pro-
cess of the objective function \},| varying with [, .4 and [,
within the range of [—500, 500] when I,cq = Incq = —50.

It can be seen from Fig. 3 that the optimizing problem not only
displays a nonlinear variation trend but also exhibits obvious
fault faces geometrically. Thus, this problem is an irregular

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 1, JANUARY 2016

multidimensional nonlinear constrained optimization problem.
Due to the arbitrariness of nonlinear question, it is usually dif-
ficult to obtain results by a direct approach. Specialized nu-
merical optimization algorithms such as substitution method,
active set theory, interior point approximation, sequential sub-
problem approximation, and so on are needed. SQP method
[24] and modern interior point (MIP) method [25] are typical
of these algorithms. As for calculation load, though the load
of each iteration of MIP method is larger than that of SQP
method, the number of iterations to achieve optimal solution is
less than that of SQP method. In comprehensive comparison,
the computational efficiency is higher for small- and medium-
scale nonlinear constrained optimization problem when SQP
method is adopted. As for large-scale problems with thousands
of decision variables and constraints, MIP method is superior to
SQP method. In particular, the modulus minimization problem
of negative sequence current, with only four decision vectors,
is a small-scale problem, and therefore, SQP method is more
suitable for this purpose than others.

B. Comparison Analysis Between SQP and MIP

In order to test the result from theoretical analysis, we con-
ducted a research on two algorithms under two typical work-
ing conditions for their performance, which is characterized by
precision, stability, and time consumed. One of the typical work-
ing conditions is taken as an example for introduction. In the
working condition, the loads of Phase a and Phase b are in the
traction condition, and the active current of both are larger than
the reactive current. Relative parameters are shown in Table II.

The expression of nonnonlinear constraint optimization prob-
lem can be obtained by putting the parameter values above into
the expression from (8) to (19). In the expression (20), Terml
and TermlI are assumed to be the real part and imaginary part

of the negative sequence current vector J_, respectively

min \/ TermI? + TermII?
Iacd + Ibcd: 0

96 (Inca + Inea +500)* =529 (Ineq + Ineq + 150)* >0

360000 — 174 — I7.q >0
360000 — IZ 4 — I3, >0

1731301.93905817 — (Ioeq +100)* = (Toea+200)* >0
. 1731301.93905817 — (Ieq +50)* — (Iea +300)° >0
o —421.0526316 < I,.q < 421.0526316
—7071.067812 < (L,0q+100)*1.57+(Lea+
200)*0.2 < 7071.067812

—421.0526316 < I,cq < 421.0526316

—7071.067812 < (Iheq+50)* 157+ (Lpea +

300)%0.2 < 7071.067812
(20)
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TABLE II
PARAMETERS UNDER TYPICAL WORKING CONDITIONS

Description Parameter symbols Typical working condition Descriptions Parameter symbols Typical working condition
values values
Load active current of Phase a It aa 200 (A) D component of reference Upa 38 000 (V)
voltage of Phase b

Load reactive current of I aq 100 (A) Negative maximum voltage Uwin -5000 (V)

Phase a fluctuation

Load active current of Phase b It ha 300 (A) Positive maximum voltage U ax 5000 (V)

fluctuation

Load reactive current of ILng 50 (A) Capacity of RPC P ax 8 (MW)

Phase b

Winding reactance of Phase a wl, 1.57(Q) Maximum current of RPC Iemax 600 (A)

Winding resistance of Phase a R, 0.2(0) Power supply capacity of Sa 25 (MVA)
Phase a

Winding reactance of Phase b wLy, 1.57 () Power supply capacity of Sh 25 (MVA)
Phase b

Winding resistance of Phase b Ry, 0.2(Q) Turns ratio of transformer k 4

D component of reference Uaa 38 000 (V) Target power factor k¢ 0.92

voltage of Phase a

Problem (20) is a multidimensional nonlinear constrained
optimization problem with four decision variables Iycq, Tacqs
Iicqa, and I,.q, including one equality constraint and thirteen
inequality constraints. Due to the complexity of the expressions
of Terml and TermlI in objective junction, they are listed below
separately as follows:

1 Lyeq +1
Terml = ——=sin I arctan LOO
44/3 3 Ica + 200
(Ia(:q+100)2+
(Laca + 200)2

1/ (g +50)° + (Tuea +300)° (Tueq + 50)

N 1)
1 (I, cq +50)?
\/g (Ibcd + 300) m +1
1/ Ubeq +50)% + (pea + 300 1
TermIl = N *
4v3 Tueq +50)° +1 4V3
(Inea+300)°

cos T arctan M
3 Lycq + 200

\/ (Incq + 100)* + (I,eq + 200)°.

SQP method is adopted for the solution of problem (20). Ini-
tial values are set as I,cq = 51, Iyeq = —100, I,cq = —49, and
Ii,.q = —50, while the precision is set as 1072 and maximal time
is set as 5 x 10~ 2s. The results obtained are shown in Table III.
It can be seen from the table above that the optimal decision vari-
able obtained through SQP method is (1., Lycqs Iieas o) =
(50.0, —244.3, —50.0,94.3). The corresponding module value

of |j.’_\ is 0.0094 A, which is close to zero, and constraints
are satisfied at the same time. The number of estimation and
time-consuming are two important factors for evaluating the
efficiency of optimization algorithm. To meet the accuracy of
1072, 30 times of iterations and 2948 times of estimation in total

(22)

are necessary when SQP method is adopted. It will take about
0.007 s for the calculation on an A10-6700 computing platform
with quad-core processor (3.7G/8G memory). And then, inte-
rior point method is adopted to solve the problem again with
the same initial value and precision. The results are shown in
Table III. The minimum module value of negative sequence
current obtained by using MIP method is 0.2091A. Although
constraint conditions are still satisfied, the results are far less
satisfactory than those obtained by using SQP method. 241
times of iterations are needed in the optimizing process, and
364 543 times of estimation in total are used, and the entire
process consumes 0.05 s. All these indexes are worse than the
SQP method.

In order to compare the stability of the two algorithms,
different initial values are randomly selected. The results are
shown in Table IV, the minimum module value of negative
sequence current I* = 1.65 x 102 A was obtained by using
SQP method with 34 times of iterations, 3467 times of estima-
tion, and a time consumed of 0.009 s, when the initial value is
(Ia(:d; IacoU Tved, Ibcq) = (507 50, —50, —50), while 124 times
of iteration and 325 416 times of estimation were needed to ob-
tain the minimum module value I* = 1.55 x 1072 A by using
MIP method. But the time consumed in estimating the value of
functions is longer being 0.03 s. In terms of efficiency, combined
with results obtained under some other working conditions, it
can be concluded that the effect of SQP method is better than
MIP method.

Combined with the initial parameters in Table II and the
optimization results by SQP in Table III, the change of current
distribution and negative sequence current before and after com-
pensation were analyzed. Fig. 4(a) illustrates the relation among
the three vectors under Phase a: feeder section load current iy,
compensation current 7,., and total current 7, . It can be seen that
the current ¢, is the vector sum of load current ¢;, and compen-
sation current 7,., and the amplitude of ¢, has increased after
compensation. Suppose voltage vector U, is referenced zero
vector, the phase angle of 7, has decreased form positive value
to negative value after compensation. Similarly, Fig. 4(b) shows
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TABLE III
PROBLEM SOLVING BASED ON SQP METHOD AND MIP METHOD

Algorithm Initial value (A) Optimal value (A) Optimal objective function value (A) Number of iterations Estimation number of function Time-consuming (s)
SQP fi - ‘200 f,b:l - iodgf)I:T :_29%1"15,’3 I* = 0.0094 30 2948 0.007
MIP ﬁ; ~ 5o 211 - 5—205111]‘:; e " = 0.2091 241 364 543 0.05
TABLE IV
PROBLEM SOLVING UNDER DIFFERENT INITIAL VALUES
Algorithm Initial value of I cq, Tacq, Ibeds Iheq(A)  Optimal objective function value (A)  Number of iterations ~ Estimation number of function ~ Time consumed (s)
SQP method (0,0,0,0) I =2.25x 102 32 3146 0.008
(50, 50, —50, —50) I* =1.65x 102 34 3467 0.009
(70, —90, =65, —50) I* =1.8x10°2 46 6081 0.010
MIP method (0,0,0,0) I =229 %102 189 352 147 0.050
(50, 50, —50, —50) I* = 1.55x 102 124 325416 0.038
(70, -90, —65, —50) I" = 1.91 x10? 156 347 283 0.043
the relation among the three vectors under Phase b: feeder sec- 90 agg
tion load current 41,,,, compensation current iy, and total current 120 00
i,; it can be seen that the total current 7y, is the vector sum of 200
load current i1, and compensation current ., and the ampli- 150 \ 30
tude of compensated current 7}, has decreased. Suppose voltage 100 i
vector Uy, is referenced zero vector, the phase angle of i;, has iLa
increased after compensation. After compensation, the ampli- 180| # {o
tudes of ¢, and 7}, are the same. When the angle of vector Uy ' ia
is zero, the phase angle of 7, after compensation is zero too, \
and the phase angle of i), after compensation is —27 /3, which 210" /330
means the difference between i, and 4, is 27/3. To sum up, the .
amplitudes of ¢, and ¢}, are the same, the difference of phase 240~~~ | _ m_c %00
angle value is 27/3, the negative sequence current generated 270
by them is zero. This can also be verified in Fig. 5. It can be (a)
seen from Fig. 5(a) that three-phase current before compensa- %0
tion arel-p,, Ip-p, Ic-p, and the amplitudes are unequal; and 120 — 300 60
the phase angles are inconsistent with positive sequence dis- p—
tribution. It can be seen from Fig. 5(b) that negative sequence i % \is
current /-, before compensation is approximately is S5A. After ' ibe. 400 =7
compensation, however, the amplitude of 7, I, and I are the 1 ) ilb
same, and phase angles tally with positive sequence distribu- - ) i o
tion. Negative sequence current after compensation is /_, and :
its value is almost 0 A [see Fig. 5(b)].
210 330
C. Comparison Analysis Between SQP and the Analytical
Method 240 5 = 300
. . . o . 270
According to [17], combined with the definition of variable (b)

relationship in this paper, the formula of analysis method can
be derived as follows:

Lica = —5(Inaa — Iiba)
Ihea = 5(Ivaa — ILba)
1 (23)
Iacq = _ILaq - m(ILad + ILbd)
Ibcq = _Iqu + #E(ILad + ILbd)

Fig. 4. Distributions of load current, compensation current, and total current
of two feeder sections. (a) Vector relation among Phase a currents. (b) Vector
relation among Phase b currents.

Combining with the parameters in the Table II, when [[1,.q4
ILaq ILbd Iqu] is [200 100 300 50], the value of [Iacd Imq Ibcd
I,¢q11s[200 100 300 50] by the formula (23), the results are con-
sistent with SQP method. This is because in this particular case,
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Fig.5. Three-phase currents and negative sequence current on HV side before
and after compensation. (a) Distribution of three-phase currents before and after
compensation. (b) Distribution of negative sequence currents before and after
compensation.

the results are not limited by any constraint in this model. As-
sume that when [I1,,q ILaq ILbd ILbq] is [700 500 200 100], the
optimal value of [lycq Tacq Ived Theql 18 [—147.7 —581.5 147.7
334.3] by SQP method, but another result is [—-250 —759.8
250 159.8] by analytical method. The negative sequence current
and constraint values based on the two methods are analyzed in
Table V, the negative sequence current is 0.0019 A by analyt-
ical method, and the value is 0.4903 A by SQP method, and
the precision of each other is higher than 10~! A. But the ab-
solute current of the Phase a port of RPC, namely |/, | reaches
to 799.87 A, and exceeds the current protection value 600 A.
After deduction, the I,.q and I, are replaced with —187.53
and —569.94, respectively. Combination of transfer active bal-
ance in RPC, the value of [lca lacq Ived Iveql 18 [—187.53
—569.94 187.53 159.8] under the condition of | I |being equal
to 600 A. The negative sequence current becomes 23.8 A,
and all interrelationship constraints are satisfied. But above all,
the SQP method is superior to analytical method under any
circumstances.

IV. DESIGN AND VERIFICATION OF SELF-ADAPTION
REAL-TIME OPTIMIZATION

In the previous section, the locomotive load is analyzed at
a specific moment under typical working conditions. During

actual operation, as the load power and the properties of the
locomotive vary from time to time, the load current needs
to be obtained promptly, which will be used as the initial
variable for optimal control. The self-adaption of the opti-
mization computation is realized by utilizing Symbolic Math
Toolbox.

A. Self-Adaption Real-Time Optimization Strategy

For a specific engineering, these parameters of the power grid
attribute and devices are preset and the load is the only variable;
therefore, self-adaption means timely obtainment of optimal
compensation instruction based on variation of loads and volt-
ages. Symbolic reasoning of the MATLAB symbol and mil-
lisecond operating rate of the SQP method make possible self-
adaption and real-time optimization. The schematic block dia-
gram is shown in Fig. 6.

In the mathematical model, wL,, wLy, Unax —» Umnax +» ki,
Praxs> Iemaxs Sa, and Sy, are values used for setup; U,q and
Uyq are determined by real-time feedback value from feeder;
the principle of the real-time solution is as follows.

Step 1: Parameters such as Ij,q, I1aq and I1y,q4, 1114 that
vary with the working conditions will be detected through load
current sensors; U,q, phase a voltage of feeder section, and
Uva, phase b voltage of feeder section are detected by voltage
transformers.

Step 2: Parameters such as wlL,, wly, Upnax —» Unax+, kt,
Piax, Lo max, Sa, and Sy, received by the upper computer will
be input into the model of optimization problems.

Step 3: A specific expression of an optimization problem will
be renewed in every 3 ms via MATLAB Symbolic Math Toolbox
in real-time operating state.

Step 4: Write a specific expression (including expressions of
objective function and constraint function) of an optimization
problem into the corresponding function file, to be called by the
SQP algorithm.

Step 5: Give the initial optimizing value according to the
principle of active balance of Phase a and Phase b and the load
reactive power of each completely compensated. The computa-
tional formula is got as follow.

Lica = (—1Iraa + Iba)/2
Iacq = _ILaq

Ivea = (Itad — Iuna)/2

(24)

Ibcq = —I1pa

Step 6: The optimal value of I,cq, Lacqs Ihed, and Iyeq is
obtained by SQP computation, while satisfying the needs of
precision and time, and the minimum module value of the neg-
ative sequence current under the current working condition is
received too.

Step 7: Results will be displayed on monitor.

B. Application in Project Cases

In this section, the self-adaption real-time optimization strat-
egy will be used under actual working conditions so as to verify
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TABLE V
PERFORMANCE COMPARISON BETWEEN ANALYTICAL METHOD AND SQP.

Algorithm Negative sequence Fluctuation voltage (V) Total power factor Active power of RPC  Currents peak of RPC Transformer winding
current (A) (MW) (A) capacity (MVA)
AU, = —129.3, [Toe|=296.7 VPI+Q%=98T7
analytical method 0.0019 4.75 —_—
AU, = —129.3 [Tye|= 799.87 \/p}g + Q2 =9.87
AU, = —12.4, [o|=599.96, VP2 +Q2=10.61,
SQP method 0.4903 0.93 2.81 -
AU, = 530.97 [T | = 365.47 \/pg +Q2 =10.57
Among the eight types working conditions mentioned above,
Parameter input Result display & state i denotes a condition with both Phases a and b traction,
of sensor and msm:"“;’“ in which the optimum values are —147.7, -581.5, 147.7, and
A LU 334.3 A, respectively. It is constrained by the maximum current
¢ ? of RPC at the Phase a port, and the negative sequence current af-
ter compensation is 0.4765 A. State ii denotes a condition with
Patram:iter Optimizing Phase a traction and Phase b no-load, in which the optimum
SEiastion solution values are —357.6, —-357.4, 357.6, and 304.4 A, respectively.
Each constraint condition is met, and the negative sequence cur-
¢ . rent after compensation is only 0.0133 A. State iii denotes a
Wit re;ullts ok condition with Phase a traction and Phase b braking, in which
1mizi SYymbo. .
Oglnmmgﬁ i > Slynllbtgl > calcu}llation - the optimum values are —399.9, —200, 399.9, and —100 A, re-
TobICMm Mmode . . .. . .
P SORATRRET function file spectively. Each constraint condition is met, and the negative

Fig. 6. Design of self-adaption real-time optimization strategy.

the efficacy of the proposed method. Three typical working con-
ditions, namely, traction, braking, and no-load will be selected
in every phase load, and nine working conditions will be gained
by permutation and combination. Considering the condition that
both Phases a and b bear no load is without practical significance
and will not be taken into consideration. Therefore, eight work-
ing conditions will be discussed, i.e., Phase a traction and Phase
b traction, Phase a traction and Phase b braking, Phase a trac-
tion and Phase b no-load, Phase a braking and Phase b traction,
Phase a braking and Phase b braking, Phase a braking and Phase
b no-load, Phase a no-load and Phase b traction, and Phase a
no-load and Phase b braking. The parameters of power grid and
compensating device are initialized, and values of wlL,, wly,,
Unax —> Unax +» kts Praxs Lemaxs> Sa, and Sy, respectively, are
illustrated in Table II. Meanwhile, the measured values of trac-
tion network voltages (U,q, Uy q) are assumed to be 38 kV. The
measured value of load currents such as It .4, Iraq, f1.1,d, and
Iy, are shown in Table VI, and the optimal value of I,.q, Lacq,
Iyca, and Iycq is gained through optimizing under given pa-
rameters by using the SQP method, and the optimum negative
sequence current values are gained simultaneously. The time
consumption are range from 2 to 10 ms, combined with the
time delay of optical fiber communication between computer
with running SQP and digital controller of RPC, the all time
consumption is less than 11 ms, which is faster than the change
of locomotive power. So the computational accuracy and time
consumption of SQP are both satisfactory.

sequence current after compensation is only 0.0144 A. State
iv denotes a condition with Phase a no-load and Phase b trac-
tion, in which the optimum values are —371.4, 231, 371.4, and
—471.2 A, respectively. Itis constrained by the maximum current
of RPC at the Phase b port, and the negative sequence current
after compensation is 7.97133 A. State v denotes a condition
with Phase a no-load and Phase b braking, in which the opti-
mum values are —160.8, 183.3, 160.8, and 252.4 A, respectively.
Each constraint condition is met, and the negative sequence cur-
rent after compensation is only 0.0084 A. State vi denotes a
condition with Phase a braking and Phase b traction, in which
the optimum values are 421.06, —75.5, —421.06, and —354.5 A,
respectively. It is constrained by the active power capacity of
RPC, and the negative sequence current after compensation is
10.442 A. State vii denotes a condition with Phase a braking and
Phase b no-load, in which the optimum values are 117.4, 130.1,
—117.4, and —143.1A, respectively. Each constraint condition is
met, and the negative sequence current after the compensation
is only 0. 0051 A. State viii denotes a condition with Phase a
braking and Phase b braking, in which the optimum values are
46.7, 238.5, —46.7, and —450.1 A. Each constraint condition is
met, and the negative sequence current after compensation is
only 0.0154 A.

To sum up, if each constraint condition is met, satisfac-
tory solution can be gained. Besides, the amplitude of the
three-phase current I, Ig, and Ic at the HV side is equiv-
alent, and the phases arrange by the direction of positive se-
quence. It shows that no matter what the working condition is
and if all the constraints are satisfied, the optimum value of
the negative sequence current can be achieved by optimizing
calculation.
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TABLE VI
REAL-TIME OPTIMIZATION RESULTS UNDER CHANGING WORKING CONDITIONS

State No. Values of I, .4, ILaqs [Lbd, ILbg (A) Optimum value (A) Optimum module value of negative sequence current (A) Time consumed (s)
State i (700,500,200, 100) (—147.7,-581.5,147.7,334.3) 0.4765 0.001
State ii (800, 200,0,0) (—357.6,—357.4,357.6,304.4) 0.0133 0.003
State iii (400,200, —400, 100) (—399.9, -200,399.9, —100) 0.0144 0.002
State iv (0,0, -800,300) (—371.4,231,371.4,-471.2) 7.9713 0.010
State v (0,0, —-400, —300) (—160.8,183.3,160.8,252.4) 0.0084 0.008
State vi (—=300,—100, 700, 400) (421, -75.5, —421, —354.5) 10.422 0.010
State vii (=300, —-100,0,0) (117.4,130.1, —117.4 — 143.1) 0.0051 0.003
State viii (—300, —100, —200, 300) (46.7,238.5, -46.7, —450.1) 0.0154 0.003

V. ENGINEERING PROTOTYPE AND EXPERIMENTAL ANALYSIS
A. Prototype System Parameters

In order to validate the theoretical analysis above, the demon-
stration project was built as shown in Fig. 7. Power circuit and
variable definition of traction supply system are consistent with
Fig. 1 and Table II. RPC is composed by four single-phase
multiwinding transformer and eight independent back-to-back
converters. Each inverter cabinet mainly comprises a back-to-
back 1MVA module, a 100-Hz resonance branch, and a control
unit, as shown in Fig. 7(a). Eight inverter cabinets, a water cool-
ing system, and the master controller cabinets are installed in
a container, as shown in Fig. 7(b). Four single-phase multiple
windings transformers with the one receiving 27.5-kV voltage
and the remaining four exporting 970 V, and connecting reactors
are installed in outdoor as shown in Fig. 7(c). Power scheduling
strategy based on SQP and processing vectors monitoring are
the main function of the master controller, and each control unit
controls the correspondlng inverter by referential power. Load

current I La and I L are measured by detecting feeder currents,
and I . and I p are measured by detecting busbar bridge cur-
rents. For the sake of contrastive analysis, it assumes that I Las

L] L] L]
Iy and [,, I}, are the low-voltage winding currents of traction
transformer before and after compensation.

B. RPC Control Strategy

RPC is the actuator, and these optimal values of active and re-
active currents based on SQP method are implemented by RPC.
Each dc generatrix is mutual independence, so every ac—dc—ac
converter can be independently controlled. Double closed-loop
control with direct active current control and dc voltage reg-
ulation control are adopted separately, as indicated in Fig. 8.
The former can be shown with Fig. 8(a), it is composed of the
following processing blocks:

1) Current close loop: The optimal value I,.q and [,cq
are divided into eight equal parts, and as reference of
Proportional-Integral (PI) controller. I,.q-x and I, .-k are
the output values of ac—dc converter in the side of Phase
a, and they are feedback quantities of PI controller.

2) Decoupling control: The independent control of the
two supply current components are realized by the

DC bus

100Hz resonant capacitor
(a)

(“on\'cﬂcsr unit

Water cooling system Central controller

(b)

Reactors box

Multiple winding transformer

(c)

Fig. 7. Photos of RPC equipment. (a) Single back-to-back converter. (b) In-
door part of RPC. (c) One of multiple transformer and reactors.
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Fig. 8.

traditionally decoupled control based on link reactance
wL,-. The variable K,), is the ratio from 27.5 kV to
970 V.

Vector synthesis: sinw,t and cosw,t are gained by PLL
with the voltage of Phase a, and the total vector ,xcq-ref
can calculated by trigonometric calculation.

PWM generator: Per unit value of modulated wave is ob-
tained by the ratio between waxcq-rer and de voltage Ueq-x,
and the PWM pulses are generated through modulated
wave compared with triangular wave.

DC voltage regulation control as shown in Fig. 8(b). Com-
pared with Fig. 8(a), reference of active current is adjusted by
dc voltage control based on PI rather than the result of optimiza-
tion calculation, but the reference of reactive power current is
provided by SQP method.

3)

4)

C. Effectiveness Analysis

The voltage and currents waveforms in Fig. 9 corresponds to
the State i in Table VI, four channel waveforms in Fig. 9(a) are

Ua, ILa, Iy, and T, respectively, and four channel waveforms

in Fig. 9(b) are & As 1: Las }1 and 1.' b, respectively. The transfor-
mation ratio of voltage channel is from 63.5 kV to 10 V, and
the transformation ratio of current is 1000 to 5 A. By compar-

ison, the phase angle of ILa and [Lb are —-65. 5° and —-116.5°,
respectlvely, I . 18 the same vector with I La, and I b 1s the same
vector with I L before compensation. The phase angle form I N

to I b 18 51°, and their root mean square (RMS) are 3.02 A and
0.79 A, respectively, and the distribution of currents is asymmet-
ric. After the compensation for RPC based on SQP, the phase

angle of }a and }b turn into —21.6° and —141.3°, and their RMS

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 1, JANUARY 2016

Control block diagram of RPC. (a) RPC control with active current direct control. (b) RPC control with dc voltage regulation control.
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1.97 A

1 cha 19518
1 T 1.96A

(b)

Fig. 9. V-I waveforms in State i. (a) Voltage and current waveforms of loads.
(b) Voltage and current waveforms of RPC.
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Fig. 10.  V-I waveforms in State vi. (a) Voltage and current waveforms of
loads. (b) Voltage and current waveforms of RPC.

change into 1.97 A and 1.96 A, respectively. The current after
compensation basically meet the condition of positive sequence
distribution.

The variable and channel definition in Fig. 10 is same with
Fig. 9 corresponds to the State vi in Table VI. By comparison,

the phase angle of }a and }b before compensation are —228.4°
and —119.7°, and their RMS are 1.12 and 2.84 A, respectively,
and the distribution of currents is asymmetric in character. After

the compensation for RPC based on SQP, the phase angle of } a

and } p turn into 25.5° and —99.3°, and their RMS change into
0.75 and 1.0 A, respectively. The current after compensation is
near to meet the need of positive sequence distribution.

The variable and channel definition in Fig. 11 is same with
Fig. 9 corresponds to the State viii in Table VI. On the same

principle, the phase angle of _;1 and }b before compensation
are —228.4° and —213.7°, and their RMS are 1.12 and 1.27 A,
respectively, and the distribution of currents is asymmetric. After

the compensation for RPC based on SQP, the phase angle of 1.' a

and _;b turn into 180° and 58.68°, and their RMS is identical and
equal to1.02 A. The current after compensation is near to meet
the need of positive sequence distribution.
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Fig. 11. V-I waveforms in State viii. (a) Voltage and current waveforms of
loads. (b) Voltage and current waveforms of RPC.

Experimental results from above are consistent with theo-
retical inference, and the mathematical model with minimum
negative sequence current and SQP method are further verified.

VI. CONCLUSION

In this paper, the V/v traction power supply system with RPC
is used as the object of study to analyze the generation and com-
pensation mechanisms of negative sequence current. On this
basis, a mathematical model for minimum module value of the
negative sequence current is proposed under the premise that
constraints such as power factor, voltage fluctuation, and ca-
pacity are met. To solve the multidimensional multi restrained
nonlinear optimization problem, the SQP method and the MIP
method are comparatively analyzed. The results show that the
former is more efficient and more suitable for solving the small-
scale optimization problems. Finally, the self-adaption real-time
solution method is established based on MATLAB, by which
the optimum control variable of RPC can be obtained as per real
time working condition of the locomotive load, and a detailed
analysis has been carried out under eight typical working condi-
tions by simulation and experiment. Therefore, it is concluded
that this algorithm is able to realize optimizing solutions under
any working conditions and when all the constraints are taken
into account. The feasibility and veracity of this mathematical
model and algorithm are verified.
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