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Abstract: Recuperation of braking energy offers great potential for reducing energy consumption in
urban rail transit systems. The present paper develops a new control strategy with variable threshold
for wayside energy storage systems (ESSs), which uses the supercapacitor as the energy storage
device. First, the paper analyzes the braking curve of the train and the V-I characteristics of the
substation. Then, the current-voltage dual-loop control method is used for ESSs. Next, in order to
achieve the best energy-saving effect, the paper discusses the selection principle of the charge and
discharge threshold. This paper proposes a control strategy for wayside supercapacitors integrated
with dynamic threshold adjustment control on the basis of avoiding the onboard braking chopper’s
operation. The proposed control strategy is very useful for obtaining good performance, while not
wasting any energy in the braking resistor. Therefore, the control strategy has been verified through
simulations, and experimental tests, have been implemented on the Batong Line of Beijing subway
using the 200 kW wayside supercapacitor energy storage prototype. The experimental results show
that the proposed control is capable of saving energy and considerably reducing energy consumption
in the braking resistor during train braking.

Keywords: energy storage system (ESS); supercapacitor; control strategy; train braking characteristics;
traction substation; charge and discharge threshold

1. Introduction

With the continuous economic development in China in recent years, urban rail transit has
also undergone rapid development. From 2003 to 2013, the operating mileage of China urban rail
transit increased from 290.4 km to 2326.0 km, the highest in the world [1]. In the urban rail transit
system, braking energy of the train is commonly fed back to the catenary through regenerative braking.
However, due to the 24-pulse diode rectifier unit used in the traction substation, surplus regenerating
energy cannot provide feedback to the medium-voltage power grid. When a train is braking, if there
are no adjacent traction trains or energy storage devices that can absorb the regenerative energy,
then the pantograph voltage would exceed the normal range, thus leading to the onboard braking
chopper operating, i.e., the braking energy is wasted by the resistor [2,3]. Even worse, regeneration
cancellation may occur. Therefore, in order to maximize the use of electric braking energy, while
reducing mechanical braking and resistor braking of urban rail trains, currently two main options are
energy storage and energy feedback [4]. At present, the main storage devices available are batteries,
supercapacitors and flywheels.
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Flywheels present relatively high overall efficiencies and elevated energy and power densities.
However, they have a potential risk of explosive shattering in case of catastrophic failure and they
have higher mechanical structure requirements [5-7].

The batteries present high energy density with discharge times ranging from tens of minutes to
hours, which can provide power for the vehicle running to the safe place if the power supply is cut off
because of trouble. Besides, the batteries can be used in the urban rail transit to absorb the braking
energy and reduce the voltage fluctuation of the DC bus. Their cycle life is shorter and the power
density is relatively low.

The supercapacitors have higher power density. They are suitable for supplying power peaks
and absorbing the braking power peaks. In addition, they have longer cycle life. In this paper, a cycle
is defined as the supercapacitor is charged to the maximum and discharged to the minimum value,
which is considered one cycle. However, there are many definitions for cycle life, and it is related to the
control strategy [8,9]. Another added value is that, unlike batteries, which require complex algorithms
to estimate the state of charge (SOC), the determination of supercapacitor SOC is easily obtained by
measuring their terminal voltage [10,11]. The urban rail transit operation has frequent starts and stops,
and voltage peaks obviously fluctuate; supercapacitors match the operational characteristics of urban
rail transit.

Depending on the placement of the supercapacitor energy storage system (ESS), the ESSs can
be divided into the two types: onboard and off-board. The onboard type ESSs can absorb one train’s
braking energy and decrease the transmission loss during the process of energy flow. There are many
applications with ESSs onboard in the trams [12,13]. While installed, ESSs will increase the weight of
vehicles. Besides, the vehicles need more space to install the ESSs, so it might not be suitable for the
metro trains to install onboard ESSs.

The off-board ESSs are able to absorb the braking energy from all the vehicles linked to the contact
lines and feed the energy back into the contact lines for subsequent accelerations. Stationary ESSs are
usually placed in the traction station or along the contact lines. Due to this, the ESSs can reduce the
volume requirement. Therefore, off-board ESSs are usually applied in subway systems [14-16].

According to the system function, the station type and line type can be used to describe the ESSs.
The station type supercapacitor ESS is typically placed in the traction substation, as shown in Figure 1,
mainly for the recovery of regenerative braking energy. The line type is set in the middle of the line,
primarily to reduce the voltage drop [17,18].

Supercapacitor
t;: ESS absorbs energy when the train is |

in the braking state ~

t,: ESS releases energy when the train is
in the traction state
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Figure 1. Operating principle of wayside supercapacitor energy storage system (ESS).

Station type supercapacitor ESSs usually use voltage and current bicyclic control method to
achieve charging and discharging operations [19-21]. In [19], when the drive load switches from
positive to negative (from motor mode to generator mode). The ultracapacitor begins to be charged
until its voltage reaches the maximum reference Ucgmax. The dc-bus voltage Vpys increases until it
reaches the reference Vpysmax- The magnitude of the current is adjusted by the cascaded controllers
GyBUSmax and Gycp at this level, so as to maintain the dc-bus voltage constant. While the main is
interrupted, the dc-bus voltage begins to decrease until it reaches the minimum reference Vgysmin-
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This allows deeper discharge of the ultracapacitor and regulation of the dc-bus voltage at the minimum
VBUSmin- However, the charging and discharging thresholds are all constants in [19-21], as they never
change after setting.

However, these control methods do not analyze how to set the appropriate threshold, yet, charge
and discharge threshold settings have extremely important impacts on the energy saving effect of the
ESS [22-24]. This paper aims to acquire a control strategy of wayside ESSs, which is oriented to the
optimization of the energy saving and reduction of the braking resistor’s operation. The control is
mainly based on the actual train braking characteristic, and takes the 24-pulse rectifier unit output
characteristics into account. Due to the above characteristics analysis, a threshold setting study has
been undertaken with the aim of better energy savings.

The organization of this work is as follows: The urban rail transit characteristics are analyzed in
Section 2. Then, the wayside supercapacitor ESS compositions and its control strategy are introduced
in Section 3. Next, Section 4 further analyzes the threshold selection strategy of the ESSs and a real-time
adjustment of the threshold method is put forward. The simulation results are obtained in Section 5.
Then, the experimental tests in the Beijing subway fully confirm the correctness of theoretical analysis,
namely the threshold setting is closely related to the energy savings. Finally, Section 6 is the conclusion.

2. Analysis of Urban Rail Transit Characteristics

2.1. Braking Characteristics of the Trains

The braking curve of the induction traction motor in metro trains can be divided into three regions:
constant torque, constant power and natural characteristics [25], shown as Equation (1) and Figure 2.

F(v)=C
F(v)-V=0C 1)
Fi(v)-V?=Cs

where Cy, Cy, and C3 are constants, Fi(v) is the traction effort and V is the speed of the train.
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Figure 2. Traction/braking characteristics of metro train.

Taking trains from the Batong Line of Beijing subway in China as an example, the train brakes
using air braking and electric braking, which includes regenerative braking and resistor braking.
A brake control unit usually consists of M and T cars, and according to the train braking demand,
electric braking acts first. Air braking force will compensate or substitute the electric braking when the
electric braking force is insufficient or invalid.

When the electric braking operates, in order to prevent the DC voltage being beyond the
permissible range, the controller controls the brake chopper throughout the voltage, across the filter
capacitor of traction converters, to distribute the regenerative braking and resistor braking power.
The working area of resistor braking is the shaded portion in Figure 3. Each inverter unit is equipped
with a braking resistor, and the resistance is 1.203 () under room temperature. The regenerative
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energy will give feedback to the grid first when the train is under electric braking, until the absorption
capacity of the grid is insufficient. In addition to this, after the grid voltage is increased to 900 V, the
resistor chopper will be activated. As the grid voltage gradually increases, the chopper working power
gradually increases. The vehicle braking resistor operates at full power until reaching the maximum
voltage of 1000 V.

Maximum
braking current

71

| Resistor
' brakin
Regenerative
braking %
|
0 900V 1000V VFC

Figure 3. Mixed brake schematic of Batong train.

2.2. Characteristics of the Equivalent 24-Pulse Rectifier

The equivalent 24-pulse rectifier unit consists of two 12-pulse transformers and rectifiers, and the
windings of the two rectifier transformers are moved to +7.5° and —7.5°, respectively, as shown in
Figure 4.
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Figure 4. 24-pulse rectifier of the 750 V metro power supply system.

In multi-pulse rectifier technology, the output voltage Uy of the rectifier unit is proportional to
the grid-side no-load voltage [26].

7r
2P
U = *J}( \fuzcosede = \fﬂllz sin%cosoc
P )

U, = NU;

U, = Uin(1+ 50/0)

In Equation (2), Uy is the rectifier output no-load voltage, P is the number of pulses, U is
the voltage of the valve side, U is the line voltage of medium-voltage grid, N is the turns ratio of
transformer primary to secondary, Uy is the rating line voltage of medium voltage network and ¢ is
the fluctuation ratio. The output voltage of the 24-pulse rectifier without load can be derived from
Equation (3) as follows:

Ugeo ~ 1.41INU; (©)]
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As the load current increases, the output DC voltage of the equivalent 24-pulse rectifier unit
reduces accordingly.

The external characteristic is mainly related to the impedance of the rectifier transformer, the
topology of the rectifier circuit, the impedance of the AC power system, the operation status of the
rectifier, and so on. According to engineering experience, the DC output voltage Uy, of the 24-pulse
rectifier unit can be calculated using the following equation [27]:

Uy Uz

X

100  0.9nSt

Uge = Uo — X Isup 4
where U}, represents the rating voltage of the DC side (kV), Uy is the short-circuit voltage percentile of
the transformer, St is the capacity of the transformer (MVA), n is the number of 24-pulse rectifier, k; is
the coefficient resistance and 0.9 is matching coefficient between the transformer and rectifier.

Based on the output voltage and current data measured at the Beijing subway traction substation,
the output characteristics can be plotted as shown in Figure 5.
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Figure 5. The output character of the 24-pulse rectifier.
When the output current is approximately 4185.8 A, the rated output voltage of traction
substations is 765.9 V, at which time the load rate of traction substation is 100%. The output voltage of

traction substation decreases as the output current increases, and the slope of the characteristic curve
changes in pace with the output current increase.

3. Wayside Supercapacitor Energy Storage System and Control Strategy

3.1. System Components

The station type supercapacitor ESS consists of a bi-directional DC/DC converter and
supercapacitor, as shown in Figure 6. The bi-directional DC/DC converter is the key component
of the whole system, undertaking the tasks of system voltage level shift and energy management.

!

UUC
T

Figure 6. Supercapacitor storage system based on half-bridge topology.

Depending on different conditions of the traction substation, the supercapacitor ESS will operate
when in charging or discharging status, the bidirectional DC/DC converter through control T1 and Ty
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switching to realize supercapacitor’s charging or discharging, thus achieving the different directions of
chopping inductor current i . Operating in either the charging or discharging status, the supercapacitor
ESS can be represented using the unified model shown in Figure 7, where Ry is the on-state resistance
of the IGBT, Ry, is the equivalent resistance of the chopping inductor, Rpet is the equivalent resistance
of the input side, and Ry is the ESR of the supercapacitor.

Rne( inet Rnet inel
o—{ 1> — 1>
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+ + U —»
Unet UC _— Unet UC —_—cC
R
Ron +¢”° Uy,
v UUC l
. T+ T
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Figure 7. Equivalent model of supercapacitor storage system in switching period. (a) 0 < ¢t < DTs;
(b) DTs <t < Ts.

3.2. System Control Strategy

The control module of the ESS can be divided into four parts, the overall control block diagram of
which is shown in Figure 8.

ADC ADC PWM1 PWM2

Voltage ™" Constraint Start/ Run Current inner
outer loop factor loop
Selection of the Current-voltage dual-loop control

system working mode

Figure 8. Control block diagram of wayside supercapacitor storage system.

3.2.1. Current-Voltage Dual-Loop Control

As shown in Figure 8, the system uses the cascade control strategy to control the DC bus voltage
loop and supercapacitor current loop, and the controller uses the traditional PI control. During the
controller design, the small signal analysis model of the supercapacitor ESS can be modeled through
the state-space averaging method [28]. Each part of the system transfer function is shown as follows:

N
Gun(s) ir (CRRpUnet + CDR?*Uyc)s + (Rp — D?R) Unet )
i) = = =
' 4 CLR(D?+ Rp)s* + [CD?R?Rp, + (LD? + CRp? + LRp)]s + (D*R2 + 2DRp, + Rp?)
e LRy (Uye — DUnet)s + [(D?Ri? + Ry + Ry)Uye — 2D (R + Ry )Une
Gud(s) =X L( t) [( L ) ( ) t] (6)

4 CLR(D?+ Ryp)s? + [CD2R2Ry, + (LD? + CRp? + LRyp)]s + (D*R2 + 2DRp, + Rp?)

where Gj; is the transfer function of the supercapacitor current to the duty cycle, and G,; denotes
the transfer function of the bus voltage to the duty cycle. R = Rpet, Rp = Ron + R, Rm = Ron* Rnet,
Rn = Rnet' RL/ RZ = Ron' RL-
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3.2.2. Selection of the System Working Mode

In view of the different operating states of the train and achieving the multi-modal switchover,
the working area of the supercapacitor ESS must be selected to reasonably realize recycling braking
energy. Therefore, based on the voltage state of the traction power supply, the workspace is divided as
shown in Figure 9.

(U

Forbidden Mode
Udcimax
Charging Mode
UdC_uvo\
Standby Mode
Udc_dis
Discharging Mode
Udc_min
Forbidden Mode

Figure 9. Principle of mode-transition.

On the one hand, the discharge and charge threshold are the switching symbols of different
modes, while on the other hand they are also the target regulation values of outer voltage loop of the
traction grid. Therefore, the design and selection of the threshold determine whether the ESS can work,
and even whether it can work in the best possible state.

4. Threshold Selection of Wayside Supercapacitor Energy Storage System

4.1. Analysis of the Discharge Threshold’s Impact and Setting Methods

In the discharge mode, in order to analyze the whole system, including traction substations, ESSs
and train loading system, a model is constructed (Figure 10).
The relationship among the parameters in Figure 10 can be obtained as follows:

ILOAD = isUB + IEss ()

VRec = VReco — isuB- RrRec (8)

Parameter iy oap is the load current of the train, igyp is the output current of the traction substation,
igss is the output current of supercapacitor ESS in the high voltage side, VR is the output no load
voltage of the rectifier unit, and Vggc is the output voltage of rectifier unit.

Figure 10. System structure during the discharging mode.
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Under the condition that the power of the storage system matches with the braking power of
the train, the relationship between the discharge threshold of the ESS and the output voltage of the
traction substation can be shown as Equation (9):

VReEC = VRECO — isuB- RrRec = Uqdc_dis )

The energy storage device output coefficients « is defined as Equation (10), which is used to
signify the output situation of the energy storage device and the traction substation:

o= - IESS (10)
ILOAD

Based on Equations (7)—(10), under different values of i;pap, how the setting of discharge
threshold affects the energy storage device output coefficients is shown in Figure 11.
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Figure 11. Influence of Uy, 4js to ot

From Figure 11, we take the current curve as an example when the load current of train is 2000 A.
In the case of the discharge threshold being 830 V (output voltage of the rectifier when there is no
load), the output coefficient of the storage system is 1. Nevertheless, the output coefficient decreases
linearly as the discharge threshold lessens. When set to 805 V, the output factor of energy storage
device is 0.5, i.e., the energy storage device and traction substation bear equal load currents. The worst
situation occurs when the discharge threshold is set at 780 V or lower, and the output coefficient of
the storage device is 0, indicating that the load current is entirely borne by the traction substation and
the storage device is no longer bearing the load current, namely the storage energy devices cannot
effectively release the energy stored.

In order to achieve recycling the regenerative braking energy, the energy storage device shall ensure
an adequate energy margin, thus considering the requirement that the energy storage device releases
energy effectively, and thus the control strategy discharge threshold should preset as Equation (11):

Uge_dis = VRECO (11)
4.2. Analysis of the Charge Threshold and Its Impacts

The charge threshold is not only the flag that the storage system runs into charging mode, but also
the value of the voltage regulator of the outer loop. In the analysis of the train braking characteristics
in Section 2.1, it is shown that when the DC bus voltage rises above 900 V, the braking chopper of the
train will be put into operation to curb the bus voltage rising. The operation of the braking chopper
means that the regenerative braking energy is almost entirely consumed in the braking resistor, which
is unfavorable for saving energy. Therefore, the value of the charge threshold must be reasonable in
order to make the voltage at the pantograph be no more than 900 V throughout, therefore allowing the
braking resistor’s operation to be avoided. This also means that the ESS maximizes the absorption of
regenerative braking energy.
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The metro power supply system can be divided into traction substation and step-down substation,
and a supercapacitor ESS is typically installed in the traction substation. Traction substation and
step-down substation are usually set on different metro stops, and the distance between the train
braking point and the location of the supercapacitor can be divided into two conditions, as shown in
Figure 12. The first is that the braking point is near the metro stop that has a traction substation, which
also means that supercapacitor energy storage is performed, while the second is that the braking point
is near the metro stop which has a step-down substation, meaning that it has a greater distance with
energy storage device than the first circumstance.

Braking Braking Braking Braking Braking
point 1 point 2 point 4 point 5 point 6
Subway . — ’ Subway Subway — — Subway
station 1 | r=d-R | _ station 2 station 4 | E=dR PoonedR station 6
lesst ! ! iEss: A . A -Al 7'§5§2>
— UEss:i 1 Tb1 | <= Uess, i F by Iz i hys i
P ; Subway
| | station 5

Figure 12. Metro power supply system with supercapacitor storage system: (a) Two subway stations
with two braking points; (b) Three subway stations with three braking points.

In the first circumstance there are no subway stations contained in the middle of two subway
stations, with train brakes on the adjacent sides of both stops, as shown in Figure 12a. Another case
is that the train has at least three braking points, in which two cases are adjacent to the ESS and one
situation is at a greater range, as shown in Figure 12b.

Figure 12a illustrates that the train braking point is in the vicinity of the ESS, thus the voltage
drop caused by the line impedance is negligible. Unlike Figure 12a, in Figure 12b the train braking
point is not only close to the supercapacitor system, it is also in the middle of the subway stations.
The moment at which the voltage drop caused by the line impedance should be considered is shown
in Figure 13. If the power and capacity of the ESS are sufficient to absorb electric braking energy;,
then the bus voltage of ESS side can be stabilized in charge threshold Ug. ¢ha, and also satisfies the
following equation:

Udc_dis = Vbus — " iLOAD = Vbus — 4 R-iLoAD (12)

where Vy,4 is the voltage of train pantograph, d is the distance between the braking point and the
location of ESS, R is the line impedance and i;oap is the supercapacitor current regenerated by
train braking.

Figure 13. System structure during charging mode.
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Defining the train braking energy conversion factor is 3, which is used to characterize the electric

train braking power conversion efficiency (Equation (13)):

(@)

(b)

— ZLOAD (13)
IREG

The charge threshold’s impact on the conversion factor is shown in Figure 14.
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Figure 14. Influence of Uy, ch, to the .

The following conclusions can be obtained through Figure 14.

If the train braking points are in the vicinity of the traction substation, which means being close
to the supercapacitor storage system as well, then the line impedance is negligible. The charging
threshold is between 830 V and 900 V, due to the fact that charging threshold is smaller than
the threshold of 900 V, which is the brake chopper’s start symbol. Based on this, the braking
resistor does not operate, the electric braking energy is completely absorbed by the supercapacitor
system, and the conversion factor of the electric braking power is constantly 1. When the charging
threshold is set between 900 V and 970 V, 3 gradually decreases as the charge threshold increases,
i.e., the power of the braking resistor is growing, while the regenerative energy absorbed by the
ESS becomes lower and lower. When the charging threshold is set at 970 V, 3 is 0, indicating that
all of the regenerative energy of the train is consumed by resistor braking and mechanical braking.
In the case that the braking position and energy storage device has a far distance, which is
assumed as 2 km, the line impedance of steel and aluminum contact rail unit is 0.0069 (2/km.
Taking 2000 A as the feedback current of the train as an example, the charge threshold value is set
between 830 V and 860 V, the conversion factor of electric braking power is constantly 1. When
the charging threshold is set between 860 V and 930 V, 3 gradually decreases as the charging
threshold increases. The worst situation is when set at 930 V, and 3 is 0, indicating that all of the
braking energy is consumed by the braking resistor and mechanical braking.

On the premise of ensuring that the power of energy storage device matches the braking power

of the train, the regenerative braking energy of the train acquire get the feedback to the greatest extent,
thus avoiding energy waste. The train braking point is not only close to the supercapacitor system, it is
also in the middle of the subway stations. Taking the Figure 12b for example, there are three braking
points. The distance between the two traction substations is defined as d. The distance between the

braking position and ESS is from 0 to d. If the distance is chosen as d, when the vehicles brake near the
ESSs, the charging threshold is too low. Considering the better effect of energy recovery in different
braking points, the equivalent distance between the braking position and ESS can be chosen as d/2.
No matter the vehicle brakes near or keep away the ESSs, the charging threshold is an eclectic selection.
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Imax is the maximum feedback current in the process of braking, which is calculated through traction

calculation. Though the current I is chosen at the maximum situation, the charging threshold keeps a

relatively small value to ensure the ESSs can recycle the regenerative braking energy every time.
Therefore, considering the sufficient margin, the charge threshold value should be set as follows:

udcfcha = Udcflim - dequ‘ R Imax (14)

Ugc _1im should be set as the start voltage threshold of the train braking chopper, and deqy is the
equivalent distance between the braking position and ESS, which is chosen as d/2. R is the impedance
of contact rail, which is a constant determined by the contact rail material.

4.3. Dynamic Threshold Adjustment Strategy

The charging and discharging threshold effects and settings are discussed in Sections 4.1 and 4.2
respectively, and the above conclusions are analyzed under the ideal substation output voltage of 830 V
without loads. Considering the fact that the traction substation takes non-ideal output characteristics
into account, the control strategy of the wayside supercapacitor ESS is proposed based on dynamic
threshold adjustment, shown in Figure 15, and it is the threshold calculation part of Figure 8.

To identify the output voltage of traction substation when there is no load, using the transformer
grid side (10 kV) voltage as a reference variable, real-time load voltage value Vrpco can be calculated
by Equation (15), then discharge threshold Uy g4;5 can also be obtained:

Ugc dis = VReCo = m-n- Uqoky (15)
ADC ADC
Udc
f——————— 1
T T -
U d— Eq(16) e =2 |
10 | My =~ ! | | o U,
| A | l o— I_Ci
i :AU | : I
RSl
| | deds — o — —
= Threshold Mode
calculation switching

Figure 15. Control strategy based on dynamic threshold.

In Equation (15), m is the coefficient between the 24-pulse rectifier transformer valve side to the
DC output voltage of the rectifier, n is the turns ratio coefficient of the primary side of the transformer
to the valve side, and Ujgyy is the line voltage RMS of the transformer primary side. In the case of
output voltage of the traction substation has fluctuations, in order to ensure the reliability of the modal
switch in preventing accidental charging, the settings of the charging threshold in Equation (14) should
be improved, shown as follows:

udc cha = { udc_lim - dequ' R Imax; (udc_lim - dequ' R Imax = VReCo + UA) (1 6)

- VReco + Up = m-n- Uy + Up;  (Ude_tim — dequ’ R+ Imax < VReco + Ua)
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Most of the time, the charging threshold is determined by the equation Ugc cha = Udc 1im

12 of 18

- deunImax}

only when the calculated charging threshold is lower than the Vrgcg + Uy, the charging threshold should

be set as Vrgco + Uy to avoid the ESSs charging falsely.
5. Simulation and Experimental Results

5.1. Simulation Platform and Parameters

Using Matlab/Simulink, we built a model including a 24-pulse rectifier unit, trains and a

supercapacitor ESS, which is shown as Figure 16.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Control
algorithm

|
|
1 i i
| | |
! ‘ ‘
I
L
[l
|
o
I
Hoom . -
Eab/Ebc/Eac A\ 1 Y
8| |Fol | 5
Lo
]
TZ
24-pulse . Bi-directional DC/
rectifier Trains DC converter

Figure 16. Simulation platform in Matlab/Simulink.

The simulation parameters are shown in Table 1.

Table 1. Simulation parameters.

L
T
L
-

-
- —HF

Super- capacitor

u 10 kV
Substation IN
Uin:Uan 10,000:590
L 0.83 mH
Storage system L4 1.5mH
Csc 315F
Ca 5000 uF
udc_cha 900V

5.2. Simulation Results and Analysis

The line voltages of the transformer primary in the simulation were, respectively, given as 10, 9.3
and 10.7 kV. The simulation results are shown in Figure 17; when the medium-voltage grid voltage is
10 kV, the discharge threshold is adjusted to 830 V automatically. Another case, when grid voltage is
9.3 kV, the discharge threshold is adjusted to 770 V. While the grid voltage is 10.7 kV, the discharge
threshold value is adjusted to 880 V. The supercapacitor ESS in the process of the above changes
achieves the release of energy in a reliable way, and also verifies the feasibility of the policy based on

dynamic threshold adjustment.
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Figure 17. Simulation result of dynamic voltage threshold.

5.3. Experimental Conditions

In order to verify the feasibility of the control algorithm, a 200 kW wayside supercapacitor ESS
was developed. The system was installed in the Tongzhou Beiyuan substation of the Batong Line of
the Beijing subway system, and tests were conducted during the day when the Batong Line is under
normal operation. Based on these experiments, the control method’s correctness has been verified.
The ESS is shown in Figure 18.

ESS in the traction
substation of Tongzhou

Figure 18. Supercapacitor ESS installed in substation.

The system design parameters are shown in Table 2, and the bidirectional DC/DC converter rated
power is 200 kW, wherein the high side input voltage is 500-1000 V, rated working voltage is 750 V
and the peak voltage of 1000 V. In addition, the low side output current is 0-400 A. Peaking power of
supercapacitor is 200 kW, operating voltage range is from 0 V to 500 V and the operating current is
0400 A. The maximum storage energy of supercapacitor is 0.944 kWh in total.

Table 2. Parameters of 200 kW wayside supercapacitor storage system.

Parameters Value

Input voltage (V) 500-1000
e Input current (A) 0-267
Bi-directional DC/DC converter Output voltage (V) 0-500
Output current (A) 0-400
Working voltage (V) 0-500
Ultra capacitor Working current(A) 0-400

Maximum storage energy (kWh) 0.944
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The main wiring schematic of the Tongzhou Beiyuan traction substation in the Beijing Subway
system is shown in Figure 19.

Incoming line
10KV 11

Incoming line
10KV |

Positive bus
Backup bus
ive bus

10 | 90

Uplink Uplink

Down line Down line

Figure 19. Primary connection of traction substation with supercapacitor storage system.

5.4. Experimental Results and Analysis

When the train is on the state of traction, the DC voltage drops, while along with the storage
system’s work, the DC voltage dropping degree can be suppressed. On the contrary, the DC voltage
boosts when the train brakes. The supercapacitor storage system recycles the regenerative braking
energy so as to suppress the DC voltage’s increase. These are shown in Figure 20.

~ 30 current(Without ESS)

DC Bus Voltage(Without ESS|

~ 30 current(With ESS)
DC Bus Voltage(With ESS)

800
Utv)a) 600
400
200

0

-200

-400

Train traction Train coasting Train Braking
1 1 Il 1 1 1 1 | 1

600 1

‘8000 25 30 35 50 55 60 65 70

t(s)

10 15 20 40 45

Figure 20. One Traction and braking cycle with and without ESS.

Next, tests are performed under circulation conditions, as shown in Figure 21. Through the above
trials, the supercapacitor system can charge and discharge normally. In addition, it can also stabilize
the DC voltage and save braking energy, which can be analyzed through the experiment waveform
as follows.
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Figure 21. Waveforms in multiple cycles.

In Section 4.1, the influence of the discharge threshold is analyzed, and the analysis and
conclusions are verified by experiments during night tests. In the night tests, the train runs four
successive cycles (traction-coasting-braking), and the voltage and current of the supercapacitor energy
storage prototype has been recorded by oscilloscope. During the experiment, the DC voltage without
load is 830 V. In the process of the tests, the Uy, 4is Was given as 805, 810 and 815 V, and the voltage of
the supercapacitor is shown in Figure 22.

700

600

500

400

300

200

(A\)abeyjon
Jonoedes Jadng

100+ . l l L l . . 4

L L L
-900 -150 -100 -50

I I
50 100 150 200

t(sg

Figure 22. Influence of Ug. gjs-

Etrain is on the behalf of the energy consumed by train at the traction stage, and E. is the
supercapacitor ESS’s output energy. When discharge threshold Uy, 4is is 805, 810 and 815V, the
respective output coefficients are 2.6%, 13% and 25%. When the discharge threshold is closer to output
voltage Vrgco without load, the output coefficient of the supercapacitor ESS increases. When its power
and traction power train match, the output coefficient can be up to 1, which is consistent with the
theoretical analysis in Section 4.1.

The following tests are conducted during the day when there are many trains running with
passengers. The charging threshold is constantly set to 890 V during the first test, and due to the
presence of the line impedance, the threshold is set too high, thus the ESS basically does not absorb
regenerative braking energy, as shown in Figure 23a. When the train is pulled, the bus voltage drops,
the energy storage device discharges, the voltage of the supercapacitor changes from 500 V to 200 V.
Because of unreasonable charging threshold settings, at the stage of train braking, the DC bus voltage
rises, but no more than the charge threshold. Thus in the whole test cycle, energy storage device does
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not absorb the regenerative braking energy basically. At this time, the regeneration braking energy
can only be consumed by the braking resistor, which results in energy waste. The energy saving effect
greatly reduces because the inappropriate threshold setting.

Then the dynamic threshold adjustment strategy was used, as shown in Figure 23b. The ESSs
charging times are more in number, and absorbing more regeneration braking energy, which means that
the energy saving effect of ESS is improving. During the test cycles, due to the appropriate threshold
setting and the discharging threshold changes with the DC power supply system, the ESS shows good
energy saving effect. At every test cycle, the supercapacitor can be charged to the maximum voltage
500 V when the train is braking and discharged to the minimum voltage 200 V when the train is in the
state of traction, which means the ESS has fully absorbed the regenerative braking energy and released
the energy to the traction power supply when the DC bus voltage drops.

' ' Voltage of DC bus
Voltage of supercapacitor,
Voltage of DC bus.
Voltage of supercapacitor,

Volatage | V
2
8

Voltage 1V
2 5
» &
g8 23

~ Current of supercapacitor

Current of supercapacitor
h| (LY L

\ _ o
| L L

201

200 T ——————— 40
20!

Current/ A
2
Current/ A

-200
A \

400 . 400 :
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Time / ms «10° Time / ms «10°

() (b)

Figure 23. Threshold impacts on energy savings: (a) Charging threshold is 890V; (b) Dynamic threshold
adjustment strategy.

6. Conclusions

In this study, based on the analysis of braking characteristics of urban rail transit train and
24-pulse traction substation characteristics, a control strategy is proposed to apply into the wayside
supercapacitor ESS. On the one hand, the energy-saving and voltage stabilization effects of the
supercapacitor applied to urban rail transit are verified through simulation and prototype test in
Beijing subway, while on the other hand, the feasibility of the dynamic threshold adjustment control
strategy is verified. In this paper, the research shows that the threshold of charge and discharge must
be adjusted dynamically, and the performance is satisfactory.
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