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Abstract: In railway traction power supply, the co-phase system with hybrid power quality conditioner (HPQC) is capable of tackling
power quality issues caused by single-phase traction loads. To reduce the carbon emission, it is proposed to integrate renewable
energy with the railway power supply, leading to a more complex system to model, design and control. This paper first investigates
the modelling aspect of this new system. To reduce the operating capacity of HPQC while addressing the power unbalance,
optimal design of the compensation scheme for co-phase system is formulated as a multi-objective optimization problem which
is solved by the nondominated sorting genetic algorithm-11 (NSGA-II). Furthermore, to eliminate the effect of errors arising from
imperfect predictions of the loads and renewable power, a hybrid optimal compensation control is proposed, yielding full and
optimal compensations. Comprehensive simulation studies, considering three operation modes that cover variable traction loads,
renewable power, as well as regenerative braking power, are conducted. The simulation results confirm the validity of the proposed
optimal compensation scheme, achieving an average of more than 20% reduction of the HPQC capacity compared to the full
compensation scheme. Meanwhile, the power quality requirement is always satisfied, even in the presence of real-time prediction

errors.

1 Introduction

The rapid development of high-speed rail is significantly increas-
ing the capacity of rail transport worldwide, further facilitating the
shift towards electrification and reduction of carbon emissions. The
single-phase 5S0Hz/25kV AC power system has been widely applied
in electrified traction systems [1]. Generally, in the feeder stations, a
step-down transformer is connected between the three-phase power
grid and two single-phase catenary overhead lines. Each single-
phase provides power for one traction power supply arm, and an
insulator is needed between adjacent power supply arms to pre-
vent phase mixture. However, as the traction loads are dynamic,
time-varying and distributed in different power supply arms, power
unbalance caused by the negative sequence and harmonics in the line
current and voltage usually exists [2—4]. Furthermore, there is a limit
for the reactive power injected from the traction loads into the power
grid due to the power factor limit imposed by the grid code.

To solve the power quality issues, various compensation schemes
have been proposed, though only a few have been adopted in prac-
tice due to the high cost and complexity. The static synchronous
compensator (STATCOM) is among the few compensation schemes
that have been widely deployed at the three-phase side of the feeder
stations [5]. However the reactive power and negative sequence cur-
rent can still pass through the traction transformer, increasing the
risks to the transformers. In [6], a novel co-phase traction power
supply system was proposed, where the transformer configuration
is still preserved but the insulator is removed. An active power com-
pensator (APC) based on the back-to-back converter is applied and
the full compensation control method is demonstrated. The negative
sequence current is cancelled and the reactive power is compensated,
thus achieving the system balance and unity power factor in the grid
side. In [7], a new topology for co-phase railway system was also
proposed. A 10MVA-rated co-phase system has been operated in
China and the compensation performance has been validated [8].
But under this full compensation scheme, the APC provides half of
the active power and full reactive power of the traction loads, which
leads to a high operating capacity requirement. The current conduc-
tion power efficiency of converters is about 98% [9-11], therefore

a large amount of power loss is incurred due to the high operat-
ing capacity. To reduce the capacity while simultaneously improving
the power quality is an important research topic. In [12], a par-
tial compensation scheme is presented and the hybrid power quality
conditioner (HPQC) is adopted in the co-phase system. The design,
parameter selection and control method are introduced in [13-16].
In partial compensation, the HPQC only compensates part of the
negative sequence current and reactive power to reduce the oper-
ating capacity. However, the fixed partial compensation strategy is
not suitable for all traction loads. A partial compensation scheme
adopted for a lower traction load may be inadequate for a higher
load case. Hence it is vital to design optimal compensation solutions
under different traction load conditions. These raise the needs to
achieve the maximum reduction in required capacity while meeting
the requirements for system balance and reactive power.

While the railway electrification and high speed rail applications
have had profound societal impacts, the energy landscape has also
significantly shifted with the significant penetration of renewable
generation [17-21]. The optimal operation of electric railways inte-
grated with renewable energy is also discussed in [22], though such
an integration inevitably increases the complexity of the system.
This paper investigates the integration scheme as illustrated in Fig.
1, where the renewable generation provides active power via the
DC-link of the back-to-back converter. The batteries can smooth the
variations in the power flow. The renewable generators work together
with the grid to provide the necessary traction power.

To reduce the operating capacity of the HPQC as well as the
power system unbalance, this paper proposes to formulate the com-
pensation design as a multi-objective optimization problem which
is then solved by the NSGA-II. The NSGA-II is a powerful multi-
objective optimization method that has been successfully applied to
many engineering problems, such as design of five-phase induction
machines [23], control of wind turbines [24], and reducing the fuel
consumption and operating costs of hybrid vehicles [25].

The remainder of the paper is organized as follows. Section 2 dis-
cusses the modelling of the co-phase system with renewable energy
integration. While Section 3 presents the principles of full compen-
sation. To identify the optimal compensation schemes under varying
traction loads and renewable generations, the NSGA-II is applied.
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Fig. 1: Co-phase system with renewable energy integration

In Section 4, to achieve optimal compensation while mitigating the
negative impacts of real-time prediction errors in the traction loads
and the renewable power, a hybrid optimal compensation control is
proposed. In section 5, the effectiveness of the NSGA-II optimiza-
tion and the optimal control of the hybrid compensation are verified
through numerical simulations. The results confirm that the optimal
compensation can reduce the operating capacity of the HPQC as well
as the power loss, while the power quality requirements are always
met. Finally, section 6 concludes the paper.

2 Modelling of Co-phase System with Renewable
Energy Integration

As illustrated in Fig.1, the three-phase power supply from the grid is
split into two single-phase channels by the V/V transformer, a most
common transformer configuration. One single phase ac connects
to the traction line directly to feed traction loads. The back-to-
back HPQC is connected between phase bc and phase ac, which
can achieve flexible power compensation and harmonic suppression.
The HPQC is composed of two voltage converters and a capacitor
to stabilize the DC voltage. In a renewable energy integrated co-
phase system, renewable power is injected into the DC link through
DC/DC or AC/DC converters. The detailed models and analysis are
introduced below.

2.1  Conventional Co-phase System

For the conventional co-phase system without renewable energy, the
phasor diagram is shown in Fig. 2(a). The analysis is under the
fundamental frequency 50Hz. The three-phase voltages are denoted
as V4, Vp and V. The secondary side voltages are Ve and V.
respectively. The voltage phasors are given in (1).

Va Vael 02
Vs VBeij Kl
Vo | =| Ve ¥ M
‘i/ac Vaceij %
Vbc Vbce_j%
fa and I, p are secondary side currents and define fc = —fa — fb.

©wa, pp and @ denote the phase angles at the grid side. The phase
angle is positive if the phase voltage leads the current. The currents
are given in (2).

Ia Iae_j‘pa
Ip| = |[eiteot %) 2
I 7I~a — jb

Since the traction loads are fed by phase ac and phase bc together,
the traction power including active power Py, and reactive power Q 1,
can be expressed as (3).

Pp, _ Vaclp cospy, _ Vac(lap + Icap)
QL Vaelp sin gy, Vac(lag + Icaq)

— [VaC(IaP + %chp)]
Vac(Iaq + Icaq)

(3)
_ VacIap + Vbclcbp

- |:VacIaq + Vaclcaq:|

where cos ¢, is the load power factor. I, is the traction load current.
Nj and Ny are the transformer ratios. lap, Icap and Ip, are active
currents. lag, Icaq and I.pq are reactive currents. According to (3),
the following can be easily derived

Tap = Iy cospy, — %chp
Teap = N21 @
cap = N, ‘cbp
Further, based on Fig. 2(a), the reactive currents are given as
Tag = tan (F — pa) (I cos o1, — N Iepp)
Ieaqg = I, SiI:,DL + tan (§ — wa) (I cospr, — %chp)
chq = tan (E + @b)[cbp
©)
Combining (4) and (5) yields
N.
Lap Iy cospr, — ]\T?chpN
Iaq tan(% 7900‘)(111 cospr, — ]\T?chp)
§cap — Vf cbp
Icaq I, sinch—i—tan(% —wa)(If cospr, — %—f[cbp)
cbp I
chq s cbp
tan (6 + ‘Pb)lcbp
(6)

2.2 Co-phase System with Renewable Energy Integration

When the renewable energy is integrated into the co-phase system,
three main operation modes are considered:

e Mode 1: When the traction load is positive and the traction
power requirement Sy, is greater than the renewable power Prg,
the traction power is supplied by both the grid and the renewable
generation.

e Mode 2: When the traction load is positive and the traction
power requirement S, is less than renewable power Pr g, the trac-
tion power requirement is met by renewable energy. The excessive
renewable power is fed into the power grid.

o Mode 3: When the traction power is negative, i.e. the train is oper-
ated in the regeneration mode. The regenerative power from trains
and renewable power are all fed to the power grid.

The power flow of the three operation modes are shown in Fig.
3. Due to the renewable energy integration, the phasor diagram is
revised accordingly as shown in Fig. 2(b). Fig. 2(b) is a general-
ized phasor diagram. Even though the magnitude and direction of
the phasors are variable in this diagram, the phasor relations remain
the same. Thus the analysis below is applicable to all the three
operation modes. Take the power flow direction in Fig. 3(a) as the
reference direction and based on the power balance principle, (7)
can be obtained, where Pr g represents the renewable power.



I
VA
I,=1, I
e AP ] I
oba I~
I
§ Ica V
q
IL
VB v
VbL‘

Fig. 2: Phasor diagrams of co-phase system. (a) Conventional co-phase system. (b) Co-phase system with renewable energy integration. (c)

Co-phase system under full compensation.
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According to (7), (6) can be revised to (8). In order to simplify the
analysis, it is assumed that the transformer ratio Ny = Na. In Fig.
2(b), the phase angle ¢ satisfies (9).

singpe Ieq
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Substituting (8) into (9), the relationships between I, and ¢aq,
op and @, can be derived as in (10), where K is the compensation
factor determined by ¢q, ¢p and @.. Based on (8) and (10), the
converter compensation currents can be calculated as (11).

KILcosapLJr(lfK)‘;’Zf

lecap p .

Icaq _ KG(IL cospr — %) + I sin YL (11
Lepp K(Iy cospp, — %f)

Lebq Ky (I, cospr, — HRE)

where
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3 Analysis of Two Compensation Strategies for
Co-phase Systems

3.1  Full Compensation Strategy

In the literature, the full compensation strategy is widely applied in
the co-phase system. According to [6], this is defined as such that
both negative sequence current and reactive power injected to the
three-phase power grid are all zeros. In this paper, in order to take
into account of the effect of power factors to the power quality and
the converter capacity, the definition of full compensation is slightly
modified. Three-phase power factors are allowed to vary in the range
according to the grid code while the negative sequence current is
limited to zero. In this modified full compensation scheme, three-
phase currents and voltages are still balanced, thus the phasor sum
of Io + Iy + I =0, and I, = I}, = I.. However a certain amount
of reactive power can be injected into the power grid. Accordingly,
under the slightly modified full compensation strategy, the phase
angles can be predefined as wq = ¢ = @c = ¢, (9) can thus be
revised as (13).

_sing  —lasin(g — @) + Isin(g + )
~cosp  Iacos(§ — )+ Icos(§ + )

13)

With these pre-defined phase angles, the full power compensa-
tion factor K r,,;; can be evaluated using (10). The balanced phasor
diagram is shown in Fig. 2(c).
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3.2 Optimal Compensation Strategy Based on NSGA-II
Algorithm

In this section, an optimal compensation strategy, instead of the full
compensation strategy presented in the aforementioned subsection,
is presented based on NSGA-II. The aim is to search for a set of
phase angles q, ©p, e, Which can lead to reducing the operating
capacity of HPQC while meeting the power quality requirements,
rather than presetting these phase angles in the full compensation
strategy. This is a multi-objective optimization problem, which can
generally be formulated as follows:

min F = {fl(x),,fm(x)}
st. he(@)=0 r=1,..,N,
gs(xr) <0 s=1,...,Ns (14)

ol =1, ... 2]

ZTimin < i < Tjmax 1= 1,2,...,1

where F is the overall objective function, f;(i =1,...,m) are
individual objective functions, h;, and gs are equality and inequal-
ity constraints respectively, Xjmin and T;mq, are the lower and
upper limits of decision variables z;(¢ = 1,...,I). In the three-
phase power supply system, the voltage unbalance ratio €y, which
is defined in (15), is used to evaluate the unbalance of the trac-
tion power system. Generally speaking, the voltage unbalance is not
supposed to exceed 2% [26].

31-|U
fy = % x 100% < 2% (15)
C

where |I - ] is the negative sequence current of the three-phase
power grid, S¢ is the short-circuit capacity and Uy, is the line-to-line
I~ | is deduced in (16).

2% -
I~ ‘ (16)
) fUL
|I_ ’ can be calculated by (17).
‘I ‘_1a+[b AN S L & a7

The HPQC includes the rectifier part and inverter part. Thus the
operating capacity .S of HPQC is defined as

S == UacIca + chjcb (18)

Since the traction loads and renewable energy are predictable
based on the existing information such as timetable and historic data,
they can be taken as known a prior in the optimization. Thus from
(2), (8) and (11), the negative sequence current and operating capac-
ity can be expressed as the function of variables ¢q, ¢y and ¢, i.e.
17| = f1(pa, b, c) and S = fa(a, b, Pc).

For the co-phase system, the operating capacity S and negative
sequence current ‘I - ’ are both expected to be minimized. By choos-
ing suitable phase angles (g, ©p, ¢©c) and controlling compensation
currents, it is feasible to achieve optimal compensation control for
given traction loads and renewable power injection. Further, the
three-phase power factors are supposed to be within the range of
0.95 to 1 according to the grid code, i.e. —18.19° < g, @p, Pe <
18.19°. Taking this power factor range and (16) as the constraints,
the co-phase system compensation design can be formulated as the
following constrained multi-objective optimization problem:

min {|r} = f1(®as b, pc)
S = fa2(a, p; Pec)

— 2%.5
s.t. |I | fl (paﬂobMPk) < J3UL
0.95 < arccos (¢;) < 1 (i =a, b ¢)

19)

NSGA-II is an improved fast non-dominate sorting strategy based
on the genetic algorithm. Compared to the original NSGA, NSGA-II
has the following distinctive features [27]:

e In NSGA-II, a crowded comparison approach is used to replace
the original sharing function approach in NSGA. Thus, NSGA-
II does not require any user-defined parameter for maintaining
diversity among population members.

o NSGA-II has a computational complexity of O(MN?) (where
M is the number of objectives and N is the population size).
While the overall computational complexity of the original NSGA
is O(MN?3).

e The elitism strategy is adopted in NSGA-II, which can speed up
convergence of the algorithm significantly and help preventing the
loss of good solutions.

Extensive research has already demonstrated the outstanding per-
formance and convergence speed of the NSGA-II in solving a
broad range of multi-objective optimization problems. Fig. 4 shows
the flowchart of the NSGA-IL. The whole procedure of NSGA-II
includes several steps: 1) Initialize parent population of size N; 2)
Produce offspring by genetic operations and merge parent popula-
tion into a new population of size 2/N; 3) Evaluate the fitness of
individual solutions and select N better individuals as a new parent
population; 4) Termination criterion judgment.
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The goal of the multi-objective optimization is to identify the
Pareto front which is also called as Pareto optimal solutions. For the
problem in (19), NSGA-II will produce the Pareto front from which
a set of optimal phase angles (¢a, @b, @c) are selected. This optimal
set of phase angles is then applied to (10), hence the optimal power
compensation factor K ¢imq is calculated. Subsequently the com-
pensation currents Icq, and I, can be calculated based on (11) to
achieve the optimal compensation. The whole process of the optimal
compensation control is shown in Fig. 5.

4 A Hybrid Optimal Compensation Control

The previous section presents an optimal operation scheme for the
co-phase system based on the assumptions that the traction load and
the renewable generation are known a prior based on some predic-
tion models. However, in reality, these prediction models may not be
accurate enough. Therefore, to countermeasure the prediction errors
in real time applications, this section proposes and presents a hybrid
optimal control scheme based on NSGA-II, which combines both
the proposed optimal compensation and full compensation. In the
proposed hybrid optimal compensation control scheme, the full com-
pensation scheme is used to eliminate the negative sequence current
produced due to the prediction error, while the optimal compensation
introduced in section 3 is deployed to achieve the operating capacity
reduction.

4.1 Reference Current Calculation

In the hybrid optimal compensation control, a step is to calculate
the reference current. This paper introduces an effective reference
current calculation method based on the instantaneous power anal-
ysis approach introduced in [12]. Using this method, based on the
required traction power, the real-time reference currents can be
calculated for both the full compensation scheme (using full com-
pensation factor K,;;) or optimal compensation scheme (using
optimal compensation factor K,p¢imqr)- The single-phase traction
load instantaneous power is given by (20).

p| _ Vac Vace_j% IL‘
[q:| - [Vace*j% Ve :| |:[L6—J§ (20)

Based on (11), the real-time power of HPQC is expressed as (21).

Pea K(p— Prg)+ PrEe

qca | _ Ka(p_PRE)""q (21)
pev| | K(p— Pgrg)+p"

deb Ky((p— Prg) +p%)

where compensation factor K can either be K, hence imple-
menting the full compensation. Or, if K is set t0 K p¢imaqi» then the
optimal compensation is implemented. The inverse transformation
of (20) is used for reference current calculation, yielding (22).

* o Vacpca+vacei_j%QCa
ca V2 4 (Vace 7 2)2
ac iz (22)
* _ VocPeotVoce 2 qepb
cb Vb2c+(Vbc67]§)2

The control block is shown in Fig. 6. The PI controller is used to
stabilize the DC-link voltage.
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K v,
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Fig. 6: Reference current calculation

4.2 Real-time Current Synchronization and Calculation of
Optimal Compensation Factor K

As illustrated in section 3, the traction load S, and its power factor
angle ¢ can be predicted in advance. Then the real-time cur-
rent I, can be predicted using (23) and needs to be synchronized
for instantaneous power calculation. A phase-locked loop (PLL)
is employed to achieve the phase synchronization of voltage V.
Based on the predicted renewable Pr g, the optimal compensation
factor K, ptimai can be also obtained. The control diagram is shown
in Fig. 7, where Iy _prediction Stands for predicted load current,
SI—prediction for predicted traction load, and @1, _prediction fOr
predicted power factor angle.

\/ﬁstprediction

. ™
[L—prediction = Ve SID(UJt — g — QDL) (23)
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4.3 Hybrid Optimal Compensation Control

The NSGA-II based optimal compensation depends on the predic-
tion accuracy of the traction loads and renewable energy. If the
prediction error is not considered in the control design, it is highly
likely that the negative sequence current will exceed the limit.

Fig. 8 illustrates the hybrid optimal compensation control scheme,
which combines both the optimal compensation scheme and the full
compensation branch. The latter is used to estimate and correct the
errors in the converter reference currents which are initially deter-
mined using the optimal compensation scheme and based on the
predicted traction and renewable powers. The whole procedure is
summarized as follows: 1) Compare the real-time measured renew-
able power Prp and traction current I;, and their corresponding
predicted values, then calculate the current and power differences,
Al and APgp respectively. 2) Based on Al; and measured
voltage V¢, calculate instantaneous error power Apy and Agy,
according to (20). 3) As stated in section 3.1, for the traditional full
compensation scheme, the three phase angles are set as @q = pp =
e = 0°. Hence based on (10), the full compensation factor K f,;
can be calculated as 0.5. 4) Substituting K ¢,y and APgp to (21),
the required additional compensation powers for the HPQC, Apca,
Agea and Apgp, Agqep can be calculated. 5) These quantities are sub-
stituted in (22) to calculate the additional current Al., and Al,. 6)
Finally the reference compensation currents can be obtained as

[%ia — Ica—prediction + Alca
cb [cb—prediction + Ach

Note both I.q_prediction and Icp_prediction are calculated
from the optimal compensation control, described in section 3.2.
K yptimal is the optimal power compensation factor, calculated from
(10), using the optimal set of (q, @p, @c) optimized by NSGA-II.
With this hybrid compensation scheme, no extra negative sequence
current will be produced and the power quality of the three-phase
power grid can always meet the requirements in the presence of
prediction errors of the traction load and renewable power.

(24)
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Fig. 8: Hybrid optimal compensation control

5 Simulation Studies

In order to verify the effectiveness of the proposed NSGA-II based
optimal compensation and the control performance, a number of
simulation experiments were conducted using Matlab/Simulink. The
simulation schematic circuit is shown in Fig. 9. The traction loads
and renewable energy are simulated as controllable current sources.
The system parameters are listed in Table 1.

ac

A~

A converter ac converter bc

Load

Fig. 9: Simulation schematic circuit

Table 1 System simulation parameters

Items Description
Three-phase line-to-line voltage Vac, Vec 190kV

Short circuit capacity S. 500MVA

V/V transformer 60MVA 110kV/27.5kV
HPQC DC capacitor 10000F

HPQC DC voltage 65kV

Phase ac coupling capacitance C,, 44 5,F

Phase ac coupling inductance L, 50mH

Phase bc coupling inductance L, 30mH
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Fig. 10: Operating capacity comparison under full compensation
with different phase angles

5.1 Comparison between Full Compensation and Optimal
Compensation without Renewable Energy

In this section, the validity of NSGA-II based optimization is first
verified without renewable energy. To emulate the characteristic of
time-varying high-speed trains and different operation modes includ-
ing traction and regeneration, the load power factor is set to 0.95. The
traction loads are arranged as follows:

0~0.3s Sp =0
0.3s~0.55s S ,=30MVA
0.55s~0.8s S =15MVA
0.8s~1.05s S;=4MVA
1.05s~1.3s S;=-10MVA
1.3s~1.4s Sp=0

For full compensation, as discussed in section 3.1, @a= @p=pq is
required. The comparison of operating capacity with different phase
angles is analyzed, as shown in Fig 10. It is evident that, compared to
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Fig. 12: Three-phase currents without renewable energy integration. (a) Full compensation ¢ = 0°. (b) Full compensation ¢ = 18.19°. (c)
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Fig. 13: Positive, negative and zero sequence currents without renewable integration (a) Full compensation ¢ = 0°. (b) Full compensation

© = 18.19°. (c) Optimal compensation.

the full compensation where wq= =9 = 0, the operating capacity
is reduced for larger phase angles. That is due to the fact that the
HPQC only provides part of the reactive power rather in full.

In the simulation, the total population of NSGA-II is set to 200
and iteration steps are 300. The crossover probability is 0.9 and the
mutation probability is 0.2. By utilizing the NSGA-II algorithm for
optimization, the Pareto optimal solutions are obtained as illustrated
in Fig. 11. It is shown that the voltage unbalance of the power grid

is below the limit 2% for all traction loads. The solutions with the
smallest operating capacity S are selected (see Table 2). In this way,
the optimal operating capacity compensation is achieved.

The three-phase currents shown in Fig. 12(a)-(c) corresponding
to the full and optimal compensation schemes are the grid side cur-
rents I 4, Ip and I in Fig. 1. The stable-state currents are ignored
here. For full compensation, two cases with ¢ = 0° and ¢ = 18.19°
are adopted. In Fig. 13(a), (b) and (c), the black, red and blue lines



represent positive sequence, negative sequence and zero sequence
currents respectively. According to (16) and the parameters listed
in Table 1, the limit of negative sequence current is calculated to

HPQC is reduced for all traction loads after optimization. The oper-
ating capacity reduction ratio for varying traction loads is 25.8%,
35.9%, 35.8% and 38.0% respectively, with an average of 33.9%.

be 30.4A. Under full compensation, the negative sequence currents The maximum capacity reduction reaches 10.1 MVA.
are almost zero and three-phase currents are balanced for all trac-
tion loads, which are illustrated in Fig. 12(a)-(b) and Fig. 13(a)-(b).

Under optimal compensation, the three-phase currents in Fig. 12(c)

are unbalanced but the negative sequence currents for all traction 40.0- Full o = 0°
loads are below the limit except for the allowed transient overshoot - Full ¢ =18.19°
(see Fig. 13(c)). The results meet the control expectation. < 30.0 Optimal
The operating capacity comparison of HPQC is shown in Fig. 2
14. The black line and red line correspond to the full compen- \2/ 20.04
sation strategy with ¢ = 0° and o = 18.19° respectively. Under “ 0.0
full compensation, when ¢ = 0°, the reactive power provided by ’
the three-phase power grid is zero. However, choosing the phase 0.0 A~—— T T )

angle ¢ = 18.19° leads to the operating capacity reduction, which 00 02 04 06 08 10 12 14
is consistent with previous results. The blue line represents the opti- Time (s)
mal operating capacity compensation. It can be seen, compared

to full compensation with ¢ = 0°, that the operating capacity of Fig. 14: Comparison of operating capacity without renewable

energy integration
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Fig. 15: Pareto optimal solutions for varying traction load with renewable 6.5 MW
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Fig. 16: Three-phase currents with renewable energy integration. (a) Full compensation ¢ = 0° with renewable 6.5MW. (b) Full compensation
o = 18.19° with renewable 6.5WM. (c) Optimal compensation with renewable 6.5MW. (d) Optimal compensation with renewable IMW.



140 Positive 140 Positive 140 Positive
~ 120 Negative ~ 120 Negative = 120 Negative
< 100 Zero < 100 Zero < 100 Zoro
5 80 5 80 5 80
E 60 £ 60 £ 60
O 40 © 40 O 40
20 20 20
| NN S SN a1 S (VR G | W S o S O e . e S
00 02 04 06 08 1.0 12 14 00 02 04 06 08 1.0 12 14 00 02 04 06 08 10 12 14
Time (s) Time (s) Time (s)

(a) (b) (©)

Fig. 17: Positive, negative and zero sequence currents (Renewable 6.5MW) (a) Full compensation ¢ = 0°. (b) Full compensation p = 18.19°.
(c) Optimal compensation.
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Fig. 18: Positive, negative and zero sequence currents (Renewable 1MW) (a) Full compensation ¢ = 0°. (b) Full compensation ¢ = 18.19°.
(c) Optimal compensation.

5.2 Comparison between Full Compensation and Optimal

Compensation with Renewable Energy Integration 40.01 guH p= ?; "
< 30.0 Optimal -
In the simulation, the renewable power of 6.5SMW and 1MW are >
applied at 0.3s. Since renewable energy varies slowly compared to 2 20.01
the traction loads in reality, the renewable energy is simulated as a n ﬂf\_'a
. . ; 10.0
constant current source which only provides active power. The trac-
tion loads are the same as section 5.1. After 1.3s, the traction load is 0.0 . : : : : : .
zero and the renewable is fed to the power grid. The three operation 00 02 04 06 08 10 12 14
modes discussed in section 2.2 are all included in simulation. Time (s)
After optimization by NSGA-II, the Pareto solutions for renew- (a)
able energy 6.5MW are acquired and shown in Fig. 15. The optimal
phase angles are listed in Table 2. The three-phase grid side currents 40.0 Full = 0°
are shown in Fig. 16(a)-(d) including full and optimal compensa- - Full p=18.19°
tion with renewable generations 6.5SMW and 1IMW. Note that the <>f 30.0+ Optimal
transient period shown in Fig. 12 and Fig. 16 is due to the sudden S 5001
)

change of operation mode. The PI controller used for the DC-link
voltage and current control, also with large filter inductors, slow the 10.04
response speed. The negative sequence currents shown in Fig. 17 and 0.0

T T 1

Fig. 18 are below the limit under either full or optimal compensation. : ' ' '
For both cases with two renewable power 6.5MW and 1MW, 00 02 04 06 08 10 12 14

the comparison results of both full compensation and optimal com- Time (s)

pensation are shown in Fig. 19(a) and (b). With renewable energy (b)

integration, the optimal compensation strategy based on NSGA-II

still shows its effectiveness in operating capacity reduction. Com- Fig. 19: Comparison of operating capacity with renewable integra-
pared to full compensation with ¢ = 0°, when renewable energy is tion. (a) Renewable 6.5SMW. (b) Renewable IMW.

6.5WM, the operating capacity reduction is 25.3%, 25.3%, 3.2%,
37.1% and 13.7%, with an average 20.9%. The maximum reduc-

tion in capacity is 9.2MVA. When renewable energy is 1WM, the 30.0- ]
capacity reduction are 25.6%, 35.9%, 20.4%, 39.6% and 22.2%. ' —L S
The average reduction ratio is 28.7% and the maximum reduction in 20.0 ——RE 1MW
capacity is 9.9MVA. According to Fig. 14 and Fig. 19, it is evident ’§ 10.0

that when renewable energy is integrated, the operating capacity will S

not increase significantly and can even be reduced under the optimal = 0.0

compensation scheme. The difference only appears when the traction -10.0

load is small or zero. In this scenario, almost all operating capacity

of HPQC is used for feeding renewable power to the grid, rather than '20'00.0 0i2 01 4 01 6 01 3 liO 112 11 4

for traction load compensation. .
Under the optimal compensation strategy, Fig. 20 illustrates the Time (s)

active power provided by the power grid at different cases. It is obvi- Fig. 20: Active power from three-phase power grid

ous that, when renewable energy is integrated, the reduced power

from the power grid is approximately equal to the power from renew-

able energy, which shows the benefit of renewable energy integration

for the traction power system. In the co-phase system, the power grid and renewable energy are combined and work together for the trac-

tion loads. On the one hand, renewable energy integration makes the



Table 2 Optimization results based on NSGA-II

Traction Load 30MVA 15MVA 4MVA -10MVA OMVA
o = 18.190° 0o = 18.190° o = 18.190° Yo = 18.190°
Without renewable pp = 11.565° wp = 7.579° wp = 7.579° @p = 7.579°
Yo = —2.953° pe = —18.190° pe = —18.190° pe = —18.190°
K = 0.3322 K = 0.2454 K = 0.2454 K = 0.2454
po = 18.190° Yo = 18.190° o = —14.851° Yo = 18.190° Yo = 18.190°
Renewable 6.5MW op = 13.295° v, = 18.190° pp = —18.190° op = —14.092° wp = —18.190°
Y = —8.006° pe = —18.190° Y = —18.190° Y = —18.190° pe = —0.001°
K = 0.2950 K = 0.2153 K = 0.5712 K =0.3043 K = 0.5000
pa = 18.190° Yo = 18.190° pa = 18.190° pa = 18.190° Yo = 18.190°
Renewable 1MW = 12.003° = 9.925° = 15.625° = 3.902° = —18.190°
7 = —3.698° (pb— —18.190° Apb— —18.190° <pb_ —18.190° o = —0.024
Pe = . Pe = . Pe = . Pe = . Pe = .
K = 0.3294 K =0.2389 K = 0.2229 K = 0.2553 K = 0.4998
30MVA 30MVA I5SMVA I5SMVA 4MVA 4MVA -I0MVA -10MVA
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Fig. 21: Three-phase currents in the presence of prediction error (Renewable 6.5 MW).

traction power supply system less dependent on the power grid, even
it can become profitable by feeding excessive power to the grid. On
the other hand, HPQC can not only be used for traction load compen-
sation but also for the power grid connection of renewable energy,
which saves additional converter construction costs.

5.3 Validation of Hybrid Optimal Control In the Presence of
Prediction Error

In this part, the performance of hybrid optimal control in the pres-
ence of prediction error is tested. The real-time error is introduced
into the predictions of the traction loads and renewable energy
(6.5MW). The three-phase currents with prediction error are shown
in Fig. 21. The maximum error of traction loads and renewable
energy is SMVA and IMW respectively, which is shown in Fig. 22(a)
and (b). The black and red lines represent the prediction power, and
the actual power which includes prediction error.
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Fig. 22: Prediction errors. (a) Load error. (b) Renewable error.

10

Fig. 23 shows the comparison of the positive and negative
sequence currents. It is noted that the positive sequence current
with prediction error is unstable but the negative sequence current
is almost the same as the current in which no prediction error exists.
This implies that no extra negative sequence current is produced and
injected into the three-phase power grid with the hybrid optimal con-
trol. The results verify that even in the presence of prediction errors,
the voltage unbalance is still < 2%.

6 Conclusion

In this paper, an optimization strategy based on NSGA-II algorithm
has been proposed for the co-phase system with renewable energy
integration. A hybrid optimal compensation control has been devel-
oped to eliminate the negative sequence current caused by real-
time prediction error. Extensive simulation experiments have been
conducted to verify the effectiveness of the proposed NSGA-II
based optimal compensation strategy. It has revealed that, com-
pared with the full compensation strategy, the optimal compensa-
tion achieves better performance than traditional full compensation
scheme regardless the renewable is integrated or not. The operating
capacity of HPQC is reduced and the power quality requirements are
met. The simulation experiments show that the proposed method can
achieve an average operating capacity reduction of more than 20%.
Further, renewable energy integration decreases the power demand
from the power grid. When the prediction error is considered, the
traction power system unbalance will not become worse under the
hybrid optimal compensation control.
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Fig. 23: Comparison of positive and negative sequence currents
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