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Abstract: With respect to the problems of great impact on the utility grid, the increasing catenary
voltage, the limited utilization rate of the regenerative braking energy (RBE) and the irreducible cost of
electricity for locomotives caused by the RBE generated by electric locomotives of the whole railway
line cannot be fully utilized in traction power supply systems. An energy management system (EMS)
integrating electrical energy and information is proposed in this paper. A corresponding optimization
algorithm is also proposed to calculate the distribution of the regenerative braking power in the whole
railway line. The structure and working principle of the EMS are introduced. The basic principle
and detailed steps of the proposed algorithm are given. Finally, the optimization calculation and
simulation are carried out, the effectiveness and feasibility of the proposed EMS and the optimization
algorithm are verified.

Keywords: electric locomotive; regenerative braking energy (RBE); energy management system (EMS);
optimal regulation

1. Introduction

Railway is the most environmentally friendly transportation and the major energy consumer [1].
Given the increasingly urgent demand for resources and prominent environmental problems, it is
crucial to realize the importance of energy saving, emission reduction and green development of
electrified railway systems. At present, four quadrant converters are widely used in AC-DC-AC
electric locomotives to recover the braking energy generated when the locomotive goes downhill or
decelerates. Then the regenerative braking energy (RBE) is fed back to the catenary [2—4]. This technique
not only improves the power factor and the power quality but also is of great significance to realize
energy saving and consumption reduction of electrified railways.

In fact, many railway power supply systems contain huge amounts of RBE. For example, China’s
Shenshuo Railway is approximately 270 km long, with 56% of the slopes exceeding 6%o. Its annual
electricity expenditure is approximately 17 million dollars. The RBE accounts for more than 20% of the
total energy consumption. In some cases, the RBE generated by the four-quadrant converter possibly
recovers over a third of the total traction energy [5]. In addition, the RBE produced by the high-speed
trains from Beijing South to Tianjin is as high as to 120 GW-h per year. Therefore, if the RBE cannot
be used by the traction trains in the same power supply sector, a large amount of RBE is fed back
to the power system through the traction substation (TS). As a result, there is a great impact on the
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utility grid [6-8], which can not only lead to an increase in the catenary voltage but also affect the
safe operation of the utility grid. At the same time, this situation can also increase the loss of the RBE
in the transmission line and reduce the effective utilization rate. Since the electric power sector has
adopted the billing method of not counting the reverse delivery of active power, the cost of electricity
consumption cannot be reduced for railway operators. To date, several solutions have been proposed
by many scholars to adequately utilize the RBE of traction power supply systems. These are mainly
categorized into three groups: energy storage, optimizing the train schedule and adding the power
regulation devices [5-9].

The scheme of energy storage is to store RBE. When there are trains in the power supply sector
that need electricity, the stored energy is released. As the feedback energy of trains is very large during
braking on large long downbhill slopes, the capacity of the device is too large and the cost would
be higher if the energy storage devices were separately installed. At the same time, the RBE needs
to be charged and discharged to be used, the efficiency is relatively low. If the RBE can be directly
utilized by other traction trains, the system will be more efficient. Reference [7] presents that the
coexistence time of the traction train and brake train in the same power supply arm can be prolonged
by optimizing the train schedule without affecting the traffic volume and safety, the utilization rate of
RBE is improved. The scheme does not need to add any electrical devices, and the cost is relatively
low. However, owing to some unexpected situations in the actual transportation process, such as
the temporary addition or cancellation of a train number, vehicle or equipment failure, bad weather
along the line and so on, the trains cannot run according to the planned operation diagram, and the
flexibility is poor [10]. Since the railway traction power supply systems in China, Japan and France
widely adopt the sectoral power supply mode, that is, there is a neutral zone (NZ) between every two
adjacent power supply arms, the RBE can only be shared in the same power supply sector and the
utilization space is limited [11,12].

In the late 1990s, Japanese scholars put forward the concept of the railway power conditioner
(RPC) to improve the power quality of a power supply system [13]. The core of RPC is the back-to-back
AC-DC-AC structure. The cascaded H-bridge structure or modular multilevel converter (MMC)
structure is widely used in the topology of RPC. Since RPC is connected with the power supply arm
through a step-down transformer, it can transmit bidirectional power and eliminate negative sequence
current, compensate reactive power and suppress harmonics [14]. What is more, this back-to-back
connection mode can realize the transfer and utilization of the RBE between two power supply
arms in the same TS, which creates an opportunity to improve the utilization rate of the RBE [9,15].
In 2014, the East Japan Railway Company installed an RPC at the Ushiku sectoring post (between two
TSs), about 2500 MW-h power per year was saved by transferring the remaining RBE of one power
supply arm to another [1]. Similarly, reference [16] proposes that three energy optimization controllers
(their topology are the same as RPC) are installed in two TSs to transfer and utilize the RBE of two
adjacent power supply arms, eliminate a three-phase unbalance of the utility grid and realize reactive
power compensation.

Existing research shows that although a single RPC used to connect two power supply arms can
improve the utilization rate of the RBE to a certain extent. However, when the regenerative braking
power of one side power supply arm is larger than the other or the RBE is generated on both sides,
there is still RBE feedback to the utility grid. Therefore, these schemes cannot make full use of the RBE.
On this basis, a supercapacitor energy storage device is added to the DC side of the RPC to store and
release the RBE. The utilization rate of the RBE is further improved [8]. However, when the feedback
power is large, the large capacity of the bidirectional DC-DC converter and energy storage device are
needed to adequately utilize the RBE. The cost is higher.

In addition, cophase power supply technology can realize voltage cophase in different power
supply sectors of the whole railway line, cancel the electric phase separation link, extend the power
supply distance, expand the flow range of the RBE and help to improve the utilization rate of the
RBE. However, segmented insulators are still used to separate different substations [17]. In essence,
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the whole line connection is not realized. Continuous cophase power supply technology also cancels
the electric phase separation and realizes the whole railway line connection [11,18,19], as shown in
Figure 1. This technology can theoretically realize the RBE of the whole railway line is shared by all
trains. However, if the catenary impedance and the distance between the location of the train and
substation are considered, the RBE may be directly fed back from the substation and it is hard to make
all the energy flow to the traction train. This condition is not conducive to unified control. At present,
some RBE utilization schemes have been applied to metro systems and have achieved good results [20].
However, they are not suitable for heavy-haul railway systems or high-speed railway systems because
of the DC power supply system used in the metro systems and its low power. In summary, none of
these schemes can achieve the optimal regulation and adequate utilization of the RBE of the whole
railway line.

i
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Figure 1. Continuous cophase power supply system.
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In fact, the utilization of RBE in electric vehicle has been widely studied [21-23]. The RBE can
be stored in the battery and used to power the electric vehicle in turn [24], which is controlled by
the battery energy management (BMS). In order to use the maximum RBE, many control strategies
have been proposed [23,25-27]. However, the power of electric vehicle is far less than the train. Large
capacity and large energy storage devices may not be installed in the train, because the energy storage
devices not only occupies space, but also increases the weight of the train [5]. In addition, the BMS is
used to deal with the RBE only in the single electric vehicle. For the railway system, it is necessary
to consider the simultaneous and reasonable regulation of the RBE of all trains in the whole railway
system. Therefore, the scheme of BMS is not suitable to utilize the RBE of the whole railway line.

To improve the effective utilization of the RBE of the whole railway line, this paper proposes
an energy management system (EMS) integrating electrical energy and information. The algorithm
of optimizing the distribution of the regenerative braking power is designed based on the principle
that the RBE of all power supply sectors feeding back electric energy is reasonably distributed to
traction trains in adjacent power supply sectors. The central controller and all converters cocomplete
the optimal distribution of the RBE of the whole railway line and achieve the orderly flow of the RBE.

2. Structure and Analysis of a Railway Traction Power Supply System with an EMS

2.1. Traditional Railway Power Supply System

The railway traction system with a sectional power supply mode is shown in Figure 2. The system
consists of n TSs, and TSk (k=1, 2, ..., n) is used to power trains in the power supply arms, o and .
The NZ is used to ensure electrical insulation between two adjacent power supply arms. Since the
feeder power of each power supply sector rather than the power of a single train needs to be controlled
in this paper, it is advisable to equate multiple trains in the same power supply sector to one. Trains
M in the «-phase power supply arm are denoted as My, My, ... , M, in turn, trains N in the 3-phase
power supply arm are denoted as N1, Ny, ..., Ny in turn.
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Figure 2. Sectional powered railway traction system.

When there are trains in regenerative braking conditions in some power supply sectors, the RBE
is in a state of disorderly flow in the system. Once the voltage or impedance situation changes, this
electric power flows into the utility grid without control and randomly in terms of time, magnitude
and place [28]. The RBE is equivalent to a source of interference and affects the stable operation of
the utility grid, which is not accepted by the operators of the utility grid. Moreover, the feedback
power contains high-order harmonics and also leads to a negative sequence current and reduces the
power quality.

2.2. The Structure and Working Principle of the EMS

The structure and position of the EMS in the traction power supply system are shown in Figure 3.
The EMS consists of a central controller and energy transfer converters (ETCs) in parallel on both
sides of all NZs. The circuit topology of the ETC is the same as that of the RPC, and both of them
are bidirectional AC-DC-AC converters. 2n—1 ETCs are used to connect all power supply sectors
in the EMS, which provides the hardware basis for expanding the flow range of the RBE. P ,, and
Pg , are separately the power of trains M, and N,,. p1, p2, ... , p2s—1 are the given transmission power
of each ETC. The input of the central controller are Py 1, Pg 1, ..., Pau and Pg ;. The output of the
central controller are py, p, ..., poy—1. Firstly, Py 1, Pg1, ..., Pay and Pg , are collected and sent
simultaneously to the central controller by the odd-numbered ETCs. Secondly, according to the traction
power or regenerative braking power of each power supply sector, the central controller uses the
algorithm of optimizing the distribution of the regenerative braking power to calculate p1, p2, . .. , Pan-1-
Then, p1, p2, - .. , pan—1 are distributed to each converter as their given values. Finally, the controller of
each converter completes the closed-loop control of the transmission power. The orderly flow of the
RBE is realized and the effective utilization rate of the RBE is improved by the coordinated control of
the central controller and ETCs.
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Figure 3. Railway power supply system with an energy management system (EMS).

2.3. Controller of the ETC

To realize the closed-loop control of the ETC for transmission power, the control block diagram
shown in Figure 4 was adopted. Here, p;.f was given as the transmission power of the ETC, which was
calculated by the algorithm in central controller. The root mean square (RMS) was used to obtain the
effective value of the detected signal. PLL represents a phase-locked loop that is used to acquire the
synchronous signal of the detection voltage. Since 17 and u; are the voltages of two adjacent power
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supply sectors, controlling the AC side current of the ETC is equivalent to controlling its transmission
power. The parameter py is converted to the current given i;_,.f, and the current hysteresis comparison
method is used to control the AC side current i; of the left converter. To work properly, converters
on both sides must obtain a stable DC side voltage. Therefore, by detecting the voltage 4. on the
DC side and then adjusting the difference between the voltage u4. and its expected value ugc ref,
this configuration can be used as the voltage outer loop. The output is multiplied by the synchronous
signal of u; as a given value of iy ,f, in the current inner loop, the AC side current i, of the right
converter is controlled by the method of current hysteresis comparison.

Li @ L

i # . @ C + uac [+ @ "%gz
T Udc_ref D T
hysteresis . hysteresis
comparison comparison

Figure 4. Control block diagram of the energy transfer converter (ETC).

Where, the effective value I7_ e Of i1_yef iS:

Il_ref = Pref/ul- (1)
3. Algorithm of Optimizing the Distribution of the Regenerative Braking Power

3.1. Algorithm Principle

In the process of optimizing the distribution of the RBE of the whole railway line by the EMS,
the loss of the RBE in the circuits and power switching devices is unavoidable. However, whether
the RBE flows directly into the utility grid or to the traction trains regulated by the EMS will cause
line loss. At the same time, because the AC resistance value per unit length of the catenary is small,
the proportion of the line loss is small. For example, the line loss of the RBE in high-speed railway
systems accounts for approximately 0.2% [6]. Therefore, the line loss is ignored and the efficiency of
the ETC is considered in this paper. If the cascade H-bridge structure is adopted in the ETC, step-down
transformers should be added to their input and output sides, the efficiency of the ETC is n = y-y1-y».
Where y is the efficiency of the bidirectional power electronic converter and y1 and y, are respectively
the efficiency of the step-down transformer on the left and right sides. If the MMC structure is adopted,
the ETC can be directly connected to the power supply arm without the transformers [29]. Therefore,
the efficiency of ETC is 17 = y. Regardless of which structure was adopted, the efficiency of each ETC
was recorded as 7 in this paper.

If the RBE is transmitted through multiple ETCs at the same time, the actual utilization rate will
be reduced. Therefore, it may be advisable to suppose that the regenerative braking power in each
power supply sector can be transmitted by up to p ETCs at the same time. Which means the efficiency
nP of the regenerative braking power transmitted by p ETCs is allowed. The regenerative braking
power is distributed based on the principle of giving priority to the adjacent power supply sector and
maximizing the utilization of the RBE, in order to minimize the loss of converter.

When the regenerative braking power in a certain power supply sector needs to be transferred and
the adjacent power supply sectors on both sides are in the state of power consumption, the utilization
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rate of the RBE can be improved regardless of which side the RBE is transmitted to. However,
the unbalanced three-phase current in the TS input side would cause a great threat to the safe operation
of the utility grid [12,30,31]. The main reason is the power difference between two power supply
sectors in the same TS. Therefore, the RBE is first considered to be transmitted to the power supply
sector within the same TS, and the remaining part is then considered to be transmitted to the adjacent
power supply sector on the other side.

3.2. Algorithm Steps

According to the above analysis, in order to control all ETCs in EMS to maximize the utilization
rate of the RBE, the following algorithm was used to calculate the transmission power of each ETC.

As shown in Figure 5, each power supply sector from left to right is numbered as Sy, S, ... , Sy, in
turn. Py, P, ..., Py, are the feeder power of the power supply sectors in turn. Before EMS regulation,
each feeder power is equal to the train power in the corresponding power supply sector. py, p, ...,
Pan—1 are the transmission power of each ETC, and they denotes the active power flowing into ETC
from its left port. Therefore, whenp; >0 (I =1,2,...,2n-1), the active power of the right side of the

ETC; is —np;; when p; < 0, the active power of the right side of the ETC; is — p;/1.

P + + P> P3+ + Pana Pana + + Pan

S S Ss Son2 Son1 Son

H

— — — —
pi| EIG | p2| ETC | puz| EICaa|  pora| ETC2u |

Figure 5. The simplified system and its power description.

The transmission power p1, py, ... , pan—1 of each ETC is initialized to 0, and the train power of
each power supply sector is assigned to Py, Py, ..., Py, correspondingly. When P, >0 (x=1,2,...,
2n), the locomotive uses electricity; when Py < 0, the locomotive regenerates braking.

e Step I:

According to Py, Py, ... , Py,, the power situations of two adjacent power supply sectors in the
same TS are evaluated to determine the transmission power of each odd number ETC.

As shown in Figure 6, the red arrow indicates the actual flow direction of the RBE. If the trains in
Sok—1 and Sy, on both sides of ETCyx_1 (k=1, 2, ..., n) are in traction or regenerative braking conditions,
namely, Ppx_1Py > 0, then ppr_1 = 0; if Ppr_1 Py < 0, the RBE of one power supply sector should be
maximized by another. Therefore, the transmission power of ETCy,_1 can be calculated by:

@)

{ Pak—1 = min{Py; /1, |Por_1|}, when Py_; <0, Py >0
Pak—1 = —nmin{Pyr_1 /7, |Pyl}, when Py_q > 0, Py <0

TSk
Paka LY Px
/7 /
Sok-1 Sax
—

pae1| ETCox1

Figure 6. ETCy;_; transfers the regenerative braking power to adjacent power supply sectors in traction
substation (TS)y.
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If the regulation is carried out according to Equation (2), the feeder power of each power supply
sector at this time should be written as:

Pog_1  Pop_1 + por—1
P Pox —pox—1/m, when Py_q >0, Py <0 , 3)
2k <
sz — NP2k-1, others

where, “Pyy_1Por_1 + pox—1” represents assigning Poy_1 + pok—1 to Ppr_q.

If the feeder powers Py, Py, ..., Py, are all greater than or equal to 0 at this time, the RBE of each
power supply sector is effectively utilized. The given values of the transmission power py, p, ... , Pan—1
of the ETCs were obtained from Equation (2). The algorithm was completed. Otherwise, continue to
the next step.

e Step 2:

The power supply sectors corresponding to the items less than 0 in Py, Py, ... , Py, at this time
were extracted. Whether the RBE of these power supply sectors could be transferred to the adjacent
power supply sectors through the even number ETC was evaluated. It may be advisable to assume
that there are &; such power supply sectors, and S; (i =2, 3, ..., 2n—1) is one of them.

(1) Ifiis an odd number, namely, i =2u—-1(u=2,3,...,n):

As shown in Figure 7a, there is P;;1 < 0 on the premise of implementing step 1. Therefore, the RBE
of S; could be used only by traction trains supplied to S;_; by ETC;_;. The transmission power of
ETC;_ can be calculated by:

pi-1 = —nmin{|P;|, P;_1 /n}, when P;_; > 0. 4)
I I
TS, TS,
+P;:1 L, Piy, ¥y Pin Piiy, ¥ P L, Pi+1+

7 / 7 / 7 / 7 /
Si1 Si Sin Si1 Si Sis

-« -
pu|ETCa| | ETCG | |ETCa| p| ETC |

(@) (b)
Figure 7. The ETC transfers regenerative braking power to the adjacent power supply sector: (a) i is

an odd number and (b) i is an even number.

If the regulation is carried out according to Equation (4), the feeder power of S;_1 and S; at this
time should be written as:

©)

{ Pi 1« Pi1 +pia
P; « Pi—pi-1/1

(2) Ifiisanevennumber, namely,i=2u(u=1,2,...,n):

As shown in Figure 7b, there is also P;_; < 0. Therefore, the RBE of S; can only be supplied to the
traction trains in S;;1 by ETC;. The transmission power of ETC; can be calculated by:

pi = min{|P;|, P;11/1}, whenP; 1 > 0. (6)
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If the regulation is carried out according to Equation (6), the feeder power of S; and S;. at this
time should be written as:

(ol ?
i+1 < Piy1 —1pi

Each power supply sector corresponding to Py < 0 is processed according to the above method.
The transmission powers of the ETCs and the feeder powers at this time were calculated.

If the feeder powers Py, Py, ..., Py, are all greater than or equal to 0 at this time, the RBE of each
power supply sector is effectively utilized. The given values of the transmission power p1, p2, ...,
pan—1 of the ETCs were obtained from Equations (4) and (6). The algorithm was completed. Otherwise,
continue to the next step.

e Step3:

The power supply sectors corresponding to the items less than 0 in Py, P, ... , Py, at this time
were extracted. Whether the RBE of these power supply sectors could be transferred to the adjacent
power supply sectors by two adjacent ETCs was evaluated. It may be advisable to assume that there
are &p such power supply sectors, and S; (j=1, 2, ..., 2n) is one of them.

1) Ifj<2

In this case, there is no power supply sector on the left side of S, or the feeder powers of the
power supply sectors on the left side of S; are less than or equal to 0. As shown in Figure 8, there was
Pj+1 < 0 on the premise of completing step 2. When P;, > 0, in order to make the RBE of S; be used by
the traction trains in S;;, as much as possible, the regenerative braking power transferred from S; was
ag = min{Pj+2/172, |P;l}, namely, p; and p;1 at this time can be calculated by:

{ o ' ®)
Pj+1 < Pj+1 + ndo

TS: Tsz@
Pi //P2 Yy P3* *PZ /L P3//P4
7 / 7 /

7 / 7 /

Si S2 Ss Sz Ss S4

— —> — —
plETC | 12| ETC | p| BIG | 15| ETG |

(a) (b)

Figure 8. When j < 2, the regenerative braking power is transferred by two adjacent converters: (a) j =
land (b)j=2.

If the regulation is carried out according to Equation (8), the feeder power of S; and S;, at this
time should be written as:

{ Pj«Pj+ag ©)

Pjip < Piya—1ag
(2 Ifj>2n-1:
In this case, there is no power supply sector on the right side of S;, or the feeder powers of the

power supply sectors on the right side of S; are less than or equal to 0. As shown in Figure 9, there
was also Pj_; <0. When P;_, > 0, in order to make the RBE of S; be used by the traction trains in S;_,
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as much as possible, the regenerative braking power transferred from S; was by = min{Pj_z/nz, P},
namely, pj_1 and p;_; at this time can be calculated by:

{ pj-1 < pj-1—nbo . (10)
pj2 < pj-2 = *bo

TSIZ-l TSU @
P3y, ¥ Pon2 L, Py ¥ Pan L, P ¥, Y Pon
7/ 7 / 7/

7 /

Son-3 Son2 San-1 San2 Son-1 Son

o < < <

p2n-3| ETCon3 I pan2| ETCana I pan2| ETCan2 I pan-1| ETCan1 I
(a) (b)

Figure 9. When j > 2n — 1, the regenerative braking power is transferred by two adjacent converters:
(@)j=2n-1and (b)j=2n.

If the regulation is carried out according to Equation (10), the feeder power of S;_ and S; at this

time should be written as: )
Pip < Pjy—nby ‘ 1)
Pj < Pj+bo

B If2<j<2n-1:
As shownin Figure 10, there were also P;_; <0and Pj;1 <0. If Pj_» > 0and P;j,; > 0, the regenerative

braking power ¢g and dj that need to be transferred from S; to the left and right sides are respectively
written as:

{ co) = Pj_2/172, do = P]‘+2/T]2, when |P]) > (P]‘_z +P]+2)/T]2 (12)

co = bo, do = &(|Pj| = Pia/n?) - (|Pi] = Pjoa/17), when[P| < (Pjoa + Pjia) /P

Py , Pny ,, Py , Py Dy
7/ /7 7/ 7/ 7/
Sj2 Sj1 Sj Sjn Sj+2
«— < — —
pi2 | ETCj2 Pf-1| ETC1 Pf| ETG | pi| ETGn

Figure 10. When 2 <j < 2n — 1, the regenerative braking power is transferred by two adjacent converters.

If Pj_» <0and Pj;, > 0, the RBE of S; can be transferred to S;, only. At this time, dy = ap, and ¢y = 0.
If Pjo > 0and Pj;, <0, the RBE of 5; can be transferred to S;_, only. At this time, ¢o = by, and dp = 0.
Therefore, the transmission powers p;_», pj—1, pj and pj41 are respectively written as:

Pj-1 < Pj-1 —1c0o

P2 i (13)
pj < pj+do '

Pi+1 < pPj+1+1do
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If the regulation is carried out according to Equation (13), the feeder power of S; 5, S; and S;,, at

this time should be written as:
P]‘_z — P]'_2 - T]ZCO
Pj(—Pj+Co+d0 . (14)
Pjyy < Py —17do

Each power supply sector corresponding to P, < 0 was processed according to the above method.
The transmission powers of the ETCs and the feeder powers at this time were calculated.

If the feeder powers P1, Py, ..., Py, are all greater than or equal to 0 at this time, the RBE of each
power supply sector is effectively utilized. The given values of the transmission power p1, pa, ... , Pan-1
of the ETCs were obtained from Equations (8), (10) and (13). The algorithm was completed. Otherwise,
continue to the next step.

e STEP 6+1:

If the number of TS is n > (6 + 1)/2, and after step 0 (2 < 0 < p), there are still some items in P1, P»,
..., Py, less than 0. These items were extracted and whether the RBE of these power supply sectors
could be transmitted to adjacent power supply sectors by adjacent 6 ETCs was evaluated. It may be
advisable to assume that there are &5 such power supply sectors, and S, (r=1, 2, ... , 2n) is one of them.

(1) Ifr <min{o, 2n-0o}:

In this case, there is no power supply sector on the left side of S, or the feeder powers of the
power supply sectors on the left side of S, are less than or equal to 0. There are Py11 <0, ..., Pry5-1 <0
on the premise of completing step 6. When P, > 0, in order to make the RBE of S; be used by the
traction trains in S, 5 as much as possible, the regenerative braking power transferred from S, is a9 =
min{PHé/n‘S, |Py|}, namely, py, ... , pr+s—1 at this time can be calculated by:

pr < pr+ag
.P‘r.+1 < Pr+1 + 1nao, (15)
Pras < Preo + 02 tag

If the regulation is carried out according to Equation (15), the feeder power of S, and S, at this
time should be written as:

{ P, « P, +qy 16)

Pris — Prs—nlag

(2) If max{o, 2n—06} <r < 2n:

In this case, there is no power supply sector on the right side of S, or the feeder powers of the
power supply sectors on the right side of S, are less than or equal to 0. There are also P,_; <0, ...,
P;_5+1 £0. When P,_s > 0, in order to make the RBE of S, be used by the traction trains in S,_s as much
as possible, the regenerative braking power transferred from S; is by = min{Pr_é/n‘S, |P;|}, namely, pr_1,

.., Pr—s+1 at this time can be calculated by:

Pr-1 < Pr-1—1bo
Pr-2 ¢ Pr-—2— anO (17)
Pr-o+1 < Pr-s+1— 1°bo

If the regulation is carried out according to Equation (17), the feeder power of S,_s and S; at this
time should be written as:

{ Pys & Prs— 77%0 (18)

Py < Py + b
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(3) If2n>20+1and 6 <r<2n-0+1:

There are also P,_s4+1 <0, ..., Pr—1 <0, Pry1 <0, ..., Prys—1 <0. If P,_s > 0 and P,4s5 > 0,
the regenerative braking power cy and dj that need to be transferred from S, to the left and right sides
are respectively written as:

o = Pr—é/nél do = Pr+6/716/ when [Py > (Pr_s +Pr+6)/776 (19)
co = bo, doy = €(|P| = P_s /") - (1Pl = Pp_s /0°), when |Py| < (Pr_s + Ppis) /0

If P,_s <0and P,,5 > 0, the RBE of S, can be transferred to S, .5 only. At this time, dy =4y and ¢y = 0.
If P,_s > 0 and P;,5 <0, the RBE of S, can be transferred to S,_s only. At this time, ¢ = by and dy = 0.
Therefore, the transmission powers p;_s, Pr—s+1, --- » Pr+s—1 Of these 20 ETCs are respectively

written as:
Pr-1 < Pr-1 —T1C0

pr—é — pf—(g - T]bCO (20)
pPr < pr+ do '

Prio-1 < Proo—1 +1° o

If the regulation is carried out according to Equation (20), the feeder power of S,_s, S; and S, at

this time should be written as:
Pys « Prs— qéCO
Py «<Pr+co+dy . (21)
Pris < Prys—1°do

Each power supply sector corresponding to Py < 0 was processed according to the above method.
The transmission powers of ETCs and the feeder powers at this time were calculated.

If the feeder powers Py, Py, ..., Py, are all greater than or equal to 0 at this time, the RBE of each
power supply sector is effectively utilized. The given values of the transmission power p1, p2, ...,
pan—1 of the ETCs were obtained from Equations (15), (17) and (20). The algorithm was completed.
Otherwise, continue to the next step.

The algorithm was completed until each P, > 0, namely, there was no RBE in each power
supply sector, or the RBE was transferred simultaneously by using the adjacent p ETCs (step p+1
was completed). After calculating the utilization rate RBE of the whole railway line, the algorithm
was completed.

The flowchart of the algorithm is shown in Figure 11.
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The transmission power of
each ETC is initialized to 0

!

The transmission power p1, p2,+, p2u-1 of each ETC
and the feeder power P1, P2,-+, P2n of each section
at this time are calculated according to step 1.

!

Number of converters passed through
when transmitting RBE /=0

l«
)

Interval number k=1, supply section
number g=0 with feeder power less than 0

Yes
Yes q=2n? > The transmission power p1, p2,-, pan-1
No of each ETC and the feeder power P;,

P+, Pan of each section at this time
are calculated according to step h+1.

Yes
Yes

| Output the transmission power
p1, p2,, pa-1 of each ETC

Calculate the utilization rate
RBE of the whole railway line

End

Figure 11. Flowchart of the algorithm.
4. Simulation Validation

In the simulation part, a traction power supply system consisting of four TSs and eight power
supply sectors was taken as an example, namely, when n = 4 in Figure 3. p was 3, and 1 was 95%.

4.1. Algorithm Validation
Three examples were given to verify the algorithm as follows.
(1) Example 1:

Train Power (Py 1, Pg 1, ..., Px4 and Pg 4) in the traction power supply system at a certain time
were separately 9 MW, 9.19 MW, -2.34 MW, 3.77 MW, 9.81 MW, 6.07 MW, 1 MW and -4.8 MW, as
shown in Figure 12. The negative sign indicates that the power supply sector feeds back electric
energy to the utility grid. Therefore, the total positive power of all trains was 38.84 MW and the total
negative power of all trains was —7.14 MW. The feeder power (P1, Py, ..., Pg) and the transmission
power (p1, p2, - - - , p7) of ETC1-ETC; before and after optimization by the algorithm are also shown in
Figure 12. The negative sign indicates that the transmission power direction of the ETC is from right to
left, and the direction of the red arrow is the actual flow direction of the RBE. It should be noted that
since multiple trains in the same power supply sector was equated to one, the transmission of the RBE
in the same power supply sector did not need to be considered. Since the transmission power of all
ETCs was 0 before optimization, the feeder power was equal to the train power before optimization.
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What is more, the total power provided by the power grid was 32.23 MW, the total power fed back
to the power grid was 0.0 MW and the loss power of ETCs was 0.53 MW after optimization. Here,
the total power provided by the power grid was the sum of the positive feeder power of eight power
supply sectors. The total power fed back to the power grid was the sum of the negative feeder power
of eight power supply sectors.

TS m TS: m TS m TS: m

Before Pi=9 | [ P:=9.19 Pi=2234 [Pi=377  Ps=981 Ps=6.07 Pr=1| |Ps=-4.80
After Pi=9y yP:=919 = Ps=0y yPi=155  Ps=981 y yP=268  Pr=0y, y Ps=0

/ L / L / L /
7/ 7 / 7/ 7/ 7/ 7 / 7 /

S Sz Ss S4 Ss Se Sz Ss
Pa1=9 Pp1=9.19 Pop2=-2.34 Pp2=3.77 Ps3=9.8] Pp3=6.07 Pas=1 Pps=—4.80

— < <

Era | [Ere|  (Eo] [Ere]  lEres | [Ere| [ETe ] Unils

After  pi1=0 p2=0 p3=2.34 ps=0 p5=0 ps=-3.38 pr=—4.56
Before p1=0 p2=0 ps=0 pa=0 p5=0 ps=0 p7=0

Figure 12. The feeder power and the transmission power of ETC;-ETCy before and after optimization
by the algorithm.

By analyzing the optimization results of the algorithm, the following conclusions could be drawn:

Since no regenerative braking power was transferred to S;, S, and Ss during the optimization
process, the feeder powers P1, P, and Ps of these power supply sectors were still the corresponding train
power. All regenerative braking power in S3 was transferred to Sy by ETC3. Therefore, the optimized
feeder power P3 was 0 MW, and P4 was 1.55 MW. All regenerative braking power in Sg was transferred
to Sy by ETCy, and part of the regenerative braking power was transferred to S¢ by ETCg after being
used by the traction train in S;. Therefore, the optimized feeder power Pg was 2.68 MW, Py was 0 MW
and Pg was 0 MW. After the optimization of the algorithm, the feeder power of each power supply
sector was greater than or equal to 0, and the power obtained from the utility grid by S4, S¢ and S; was
significantly less than before, i.e., the RBE of the whole railway line was fully utilized. The results
show that the proposed algorithm could significantly improve the effective utilization of the RBE.

To fully consider the different states of the power supply system and verify the universality and
validity of the algorithm, the following two typical examples are given:

(2) Example 2:

The train powers of the eight power supply sectors were separately 8.45 MW, 2.11 MW, 4.19 MW,
—7.65 MW, —1.54 MW, -9.41 MW, 2.11 MW and 7.67 MW. Therefore, the total positive power of all
trains was 24.53 MW and the total negative power of all trains was —18.60 MW. The transmission
powers of ETC-ETC; calculated by the algorithm were separately —0.77 MW, —2.92 MW, —7.27 MW,
0 MW, 1.38 MW, 10.72 MW and 8.07 MW. Then, the feeder powers were separately 7.68 MW, 0 MW,
0 MW, 0 MW, -0.16 MW, 0 MW, 0 MW and 0 MW at this time. Therefore the total power provided by
the power grid was 7.68 MW, the total power fed back to the power grid was —0.16 MW, and the loss
power of ETCs was 1.75 MW after optimization. Obviously, most of the RBE was utilized by traction
trains in other power supply sectors after the optimization of the algorithm. However, there was still
some RBE in S5. If the regenerative braking power could be transferred by four ETCs at the same time,
this part of the energy could be transferred to S;. At this time, the RBE in the whole system could be
fully utilized. Considering that the remaining regenerative braking power was less and the loss was
larger when transferring by multiple ETCs, the comprehensive economic and social benefits were not
obvious. Therefore, even if the RBE was directly fed back to the utility grid, the impact on the utility
grid was not great.
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(3) Example 3:

When the train powers of the eight power supply sectors were separately 5.06 MW, 2.31 MW,
—6.57 MW, —9.68 MW, 0.7 MW, 4.21 MW, —2.18 MW and 1.09 MW. Therefore, the total positive power
of all trains was 13.37 MW and the total negative power of all trains was —18.43 MW. The transmission
powers of ETC;-ETCy calculated by the algorithm were separately —5.06 MW, —7.64 MW, —1.47 MW,
4.31 MW, 3.4 MW, —0.98 MW and 1.15 MW. Then the feeder powers were separately 0 MW, 0 MW,
0 MW, -3.82 MW, 0 MW, 0 MW, 0 MW and 0 MW at this time. Therefore, the total power provided by
the power grid was 0.00 MW, the total power fed back to the power grid was —3.82 MW, and the loss
power of ETCs was 1.24 MW after optimization. Obviously, after solving the algorithm, there was no
power supply sector to obtain electricity from the utility grid, but there was still some RBE in S4. Even if
the regenerative braking power could be transferred by more ETCs at the same time, the remaining RBE
could not be fully utilized. However, the effective utilization of the RBE was significantly improved,
and the final feedback power of Sy to the utility grid was also significantly reduced compared with
that before regulation.

The optimization effect of the above three examples is shown in Table 1. Obviously, the total power
provided by the power grid and the total power fed back to the power grid were both reduced after
optimization. Therefore, the RBE could be effectively utilized by other traction trains after optimization.
It shows that the proposed scheme could not only reduce the cost of electricity, but also reduce the
impact of the RBE on the public power grid.

Table 1. The optimization effect of the above three examples.

Tota} Power of Total Pow‘er (.MW) (Before Total Power (MW; After Optimization)
Trains (MW) Optimization)
Example
Positive  Negative Provided by Fed Back to the Provided by Fed Back to the Loss
& the Power Grid Power Grid the Power Grid Power Grid in ETCs
1 38.84 -7.14 38.84 -7.14 32.23 0.00 0.53
2 24.53 -18.60 24.53 -18.60 7.68 —-0.16 1.75
3 13.37 -18.43 13.37 -18.43 0.00 -3.82 1.24

It should be pointed out that the algorithm cannot improve the effective utilization rate of the RBE when all trains in
the power supply sectors are in a traction or regenerative braking state. In this case, the transmission power of
ETC;-ETCy calculated by the algorithm is 0.

4.2. Simulation Results

To prove the feasibility of the proposed scheme, the Simulink model of this traction power
supply system was built, as shown in Figure 13. The train was equivalent to a controllable current
source. The input of this model were the train power (Py, 1, Pg,1, ..., Pa,4, and Pg 4) in Example
1. The parameters of the system in Table 2. The optimization results (p1, p2, ..., ps, and py) of the
algorithm were the given power of ETC;-ETC5. The output of this model were the feeder power (P,
P, ..., Pg). The total simulation time was 2 s. EMS started to operate at 0.63 s.
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Figure 13. The Simulink model of the traction power supply system.
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Table 2. Parameters of the system.

Parameters Value
Three-phase voltage 110kV
Frequency 50 Hz
Variable Ratio of the TS 110:25
Variable Ratio of the Step-down Transformer 25:2
AC side output inductance 5mH
AC side output resistance 12mQ
DC side capacitor 20 mF
DC side reference voltage 3kV

The feeder power waveforms of eight power supply sectors before and after the optimization
control of the EMS are shown in Figure 14a—h. The feeder power was equal to the train power in the
corresponding power supply sector before 0.63 s. After 0.63 s, the EMS began to regulate, and the
system entered a steady state at approximately 1 s. According to the transmission power calculated by
the algorithm, the RBE was adjusted by eight ETCs. Obviously, the RBE feedback to the utility grid
was reduced, and the effective utilization rate of the RBE of the whole railway line was improved.
The simulation results verified the feasibility and effectiveness of the proposed scheme.
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e 0.50.63 1 155 2 B, 0.50.63 1 L5 2
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Figure 14. Feeder power waveforms of the eight power supply sectors before and after EMS optimal
regulation: (a) Sy; (b) S2; (¢) S3; (d) S4; (€) Ss; (f) Se; (g) S7 and (h) Sg.
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5. Conclusions

In this paper, an EMS for improving the effective utilization rate of the RBE of the whole railway
line and the corresponding algorithm of optimizing the distribution of the regenerative braking power
were presented. The central controller used the proposed algorithm to calculate the transmission
power of each ETC and distributed them to each ETC synchronously. The ETCs themselves completed
the closed-loop control of transmission power, optimized and controlled the RBE generated by all
trains, in order to realize the sharing of the RBE in various power supply sectors. Finally, the validity
and feasibility of the proposed scheme and algorithm were verified by MATLAB/Simulink experiments.
The results show that the effective utilization rate of RBE was improved, the cost of train power
consumption was reduced, and the impact of the RBE on the traction power supply system and the
utility grid was reduced. The proposed scheme could further improve the existing traction power
supply system, and provided a new solution and theoretical guidance for improving the level of energy
efficiency management and energy saving effect of the traction power supply system.

In the process of engineering implementation, the EMS proposed in this paper involves not
only the centralized control of multiple bidirectional power electronic converters and the design of
intelligent optimization algorithms, but also the application of communication technology. This scheme
needs to use the existing communication technology to transmit the traction power grid data,
which can be completed with the help of the existing communication equipment of the railway system.
The communication protocol can also ensure that the central controller processes the power grid data
collected by the ETCs at the same time. Therefore, the current communication technology can meet the
requirements of the scheme in terms of the communication rate and synchronization of data processing.
Since the ETCs are connected in parallel on both sides of the neutral zone, even when the EMS fails,
it affects only the function of the EMS itself, and does not affect the power supply function of the
original traction power supply system.

Although the ETC connecting two power supply arms in the same TS has the same topology
as the existing RPC, the ETC was used only to transmit the RBE, and had the advantages of small
device capacity and simple control strategy. If the functions of compensating negative sequences and
reactive power, and eliminating harmonics were considered to be added, the additional compensation
power could be calculated according to the feeder power of each power supply sector obtained by
the algorithm and the control mode of the RPC. Since the main focus of this paper was to realize the
sharing of the RBE of the whole railway line and improve the effective utilization of the RBE, there was
no analysis of this aspect.
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