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Abstract: The supply voltage of traction systems fluctuates frequently due to acceleration
and braking during urban rail train running process. In order to achieve better performance for
ultracapacitor energy storage systems, a bilateral ultracapacitor energy storage system structure
is adopted, and a method based on dynamic setting and coordination is proposed, in which the
charge and discharge voltage thresholds of ultracapacitors are dynamically set and the energy
flows are coordinated controlled between the bilateral ultracapacitor energy storage systems. The
simulation results show that the proposed control strategy can achieve good energy-saving effect
and stabilize the traction network voltage under the premise of balanced use of the ultracapacitor

energy storage systems.
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1. INTRODUCTION

In recent years, the ultracapacitor as a new energy storage
device has attracted increasing attention and been grad-
ually applied in rail transit systems. (Zhu et al., 2018).
It has many advantages such as high power densities,
fast charge-discharge speed and so on. Its high-quality
performance matches the operational characteristics of
urban rail trains (Wang et al., 2014). In (Battistelli et
al., 2012), the maximum recovery effect was achieved by
real-time estimating maximum average power from a uni-
lateral power supply system model. In (Ciccarelli et al.,
2014), a new control strategy considering train speed and
acceleration was proposed to ensure the charge state of
each station. However, it is necessary to obtain real-time
train information in real applications which increases the
difficulty of implementation. In general, substations and
trains are considered as urban rail transit models, while
the problems of dc-link voltage fluctuations and dc-link
voltage instability in the dc traction systems are ignored
at the same time (Naseri et all., 2020). The fluctuation
of no-load voltage, the change of the headway distance,
and the braking resistance characteristics of trains affect
the charge and discharge voltage threshold setting and the
energy saving.

A single energy storage system structure is usually adopted
in urban rail operation zones (Tang et al., 2017), which
have a good effect on stabilizing traction grid voltage and
saving energy, but line loss in the unilateral energy storage
system is large. How to set the charge and discharge volt-
age thresholds of ultracapacitors according to the actual
working conditions and real-time data is particularly im-
portant to exert good system energy saving effect (Wang et
al., 2015). In this paper, an energy management control s-
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trategy for bilateral ultra-capacitor energy storage systems
is proposed based on the traditional control strategies, in
which the charge-discharge thresholds are dynamically set
to achieve energy management coordination by tracking
the train real-time running distance.

The remaining parts of this paper are organized as follows:
section 2 describes the improved control strategy in detail.
In section 3, the experiments to validate the proposed
control strategy are discussed. Finally, a conclusion is
given in section 4.

2. THEORY AND METHODS

2.1 Traction Power Supply Structure of Bilateral Ultra-
capacitor Energy Storage System

The proposed traction power supply structure of an urban
rail train with bilateral ultracapacitor energy storage sys-
tems mainly consists of four parts: traction substations,
DC traction gridsFigd4, an urban rail train with PMSM
and two ultracapacitor energy storage systems, as shown
in Fig. 1.

Fig. 1. Traction power supply structure with bilateral
ultracapacitor energy storage systems
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The traditional bilateral energy storage systems are in-
dependent of each other and the coordinated control s-
trategies for energy flows between bilateral energy storage
systems are not considered, leading to energy saving and
maximum utilization unguaranteed. Therefore, in this pa-
per, a focus is on the coordination and optimal control
of charge and discharge energy flows of bilateral energy
storage systems in the same power supply section.

2.2 Coordinated control of traction network voltage
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Fig. 2. Control diagram of energy storage systems based
on dynamic regulation and coordinated control

The train running state is reflected directly based on dc
traction net voltage fluctuation in the double closed-loop
control structure of traditional energy storage systems
and the ultracapacitor energy storage system working
mode is determined by setting the charge-discharge voltage
thresholds and detecting traction net voltage. On the
basis of traditional control strategies, an improved energy
management strategy for bilateral energy storage systems
with dynamic setting and coordinated control is proposed.
The control block diagram is shown in Fig. 2. It is
mainly divided into the following parts: energy storage
system switching mode, current-voltage dual-loop cascade
control module, charge and discharge threshold calculation
module and SOC current limit module.

2.3 Energy Storage System Switching Mode

The bidirectional dc/dc converters can achieve bidirection-
al energy transfer among different voltage levels by reason-
ably controlling the conduction ratio of power electronic
switching devices. A half-bridge non-isolated BDC topolo-
gy is shown in Fig. 3. (Ronanki et al., 2017). Functionally,
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Fig. 3. Half-bridge non-isolated BDC
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the BDC is actually an inverse parallel combination of
Boost-Buck type chopper circuits. It can be switched a-
mong Boost, standby and Buck working modes to realize
BDC power bidirectional transmission and input/output
two-quadrant operation by controlling the conduction ra-
tio of two switching tubes T1 and T2. In the case of train

traction and acceleration, the BDC works in the Boost
mode, and the energy storage systems discharge energy
to the traction net. When the train runs in coasting, the
energy storage systems are in standby mode. In the case
of train braking deceleration, the BDC works in the Buck
mode, and the energy storage systems recover the energy
fed back from the train braking to the traction net. In
order to prevent the breakdown and damage of switching
devices caused by too high charge voltage of energy storage
systems, and the misoperation accidents, the energy stor-
age systems are set with the ban mode. The working mode
switching principle for bilateral energy storage systems are
shown in Fig. 4. A key parameter in ultracapacitor energy
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Fig. 4. Working mode switching schematic diagram

storage systems is SOC (State of Charge, SOC) calculation
and compensation. It is used to indicate the charge state
of energy storage systems (battery, Ultracapacitor, etc.)
and related to the ultracapacitor voltage. Its value ranges
from 0 to 1.

Since the capacitance values change continuously during
the ultracapacitor charge-discharge processes, according
to the equation AU = AQ/C, the dynamic capacitance
correction factor Cu must be considered on the basis of
the electromotive force if the SOC information, that is,
the charge quantity Q, is obtained accurately.

According to the real-time electromotive force, average
discharge current and temperature of the ultracapacitors,
the normalized SOC estimation error of the electromotive
force is corrected by solving the dynamic capacitance
correction factor under full working condition prediction
model.

C, is calculated in real-time during discharge process
with the change of electromotive force by an SVM-based
C,, model. (Wei et al., 2017), and the SOC estimated
value after dynamic capacitance correction is calculated
according to equation (1). The maximum error is reduced
to 3.4%, 2.8% and 2.5%, respectively under 10°C, 25°C
and 40°C random current conditions

t) — scmin
V() ~ Usenin_,

SOC = ’ (1)

Usc max Usc min

Where U (t) is the real-time electromotive force of ultraca-
pacitors, Usemaz and Usemin are the maximum and mini-
mum discharge voltage before normalization, respectively.
C, is the correction factor. the SOC working range of
ultracapacitors is generally set to 0.25 ~ 0.95 considering
a certain safety margin.
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2.4 Current-voltage dual-loop cascade control

Combining the above requirements, a current-voltage
dual-loop cascade control is adopted. The outer control
ring is the dc traction network voltage ring, and the
inner control ring is the ultracapacitor current ring. The
magnitude and direction of charge-discharge current are
determined according to the error between actual values
and given values, A BDC dual-loop cascade control block
diagram is shown in Fig. 5. The state space averaging
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Fig. 5. BDC dual-loop cascade block diagram

method is used to perform BDC mathematical modeling
analysis in Buck and Boost modes, respectively. In Fig.
5, Giq and G,; are the open-loop small-signal transfer
functions of duty-cycle D to inductance current I; and
inductance current I, to traction grid voltage Uy, respec-
tively. Their representation is shown in equation (2) (Yang
et al., 2020),

G (S) o Uchscs
ird o LCSCSQ + RESCSCS +1 (2)
LC,.s*> + RpsCyes + 1
GudeiL (S) = DC. s
sc

It can be seen that the BDC is a second-order oscillation
circuit with two controlled state variables: the ultraca-
pacitor set terminal voltage Us. and the energy storage
inductance current Iy, .

The difference between the actual traction grid voltage and
the given charge-discharge voltage threshold is adjusted
by a PI outer loop to obtain charge-discharge reference
current I;. The difference between I; and the actual
charge-discharge feedback current I is regulated by a
current PI inner loop, and the duty-cycle D that drives the
BDC switching devices is obtained through PWM control.

2.5 Charge and discharge dynamic threshold calculation
module

The charge threshold of the traction net voltage outer loop
Uechar 18 expressed by equation (3). The SOC value is the
square ratio of the terminal voltage of the ultracapacitor
set to the rated voltage. The SOC range is generally set
between 0.25 and 1. U,..s; is the given reference constant
charge threshold. L is the distance between the train
real-time position and the substation (or energy storage
system) in the power supply section. k; and kio are the
control parameters.

When the storage capacity of energy storage systems is
large, SOC < 0.95, the charge thresholds of bilateral en-
ergy storage systems are dynamically set by tracking the
train real-time running distance in the power supply sec-
tion and SOC values, namely, the lower charge thresholds
and the corresponding larger charge current are got, and
more braking energy feedback is taken on by wayside ener-
gy storage systems when the train is closer to them. When

0.95 < SOC < 1, The overall charge thresholds of energy
storage systems increase with the increase of SOC values,
and the corresponding charge current gradually decreases.
The energy flows of bilateral energy storage systems is
coordinated controlled by tracking train real-time running
distance and SOC values, namely, On the premise of fully
and effectively feeding back the train braking energy, the
charge current is coordinated controlled by the energy
storage systems in each station based on their own capac-
ity and minimum line loss, and the charge thresholds of
bilateral energy storage systems are negatively correlated
with the charge current.

g _ {Urept +kal, SOC < 0.95
AT = Uyes1 + k1l1(SOC — 0.95),0.95 < SOC < 1
(3)

Similarly, the discharge threshold of the traction net
voltage outer loop Uy is expressed by equation (4). Uyero
is the given reference constant discharge threshold, and k5
and kog are the control parameters.

. _ [ Urep2 ksl SOC > 0.3
U T\ Upega + kal + ka0(0.3 — SOC),0 < SOC < 0.3
(4)

2.6 SOC current limit module

1,50C < 0.95
ke chatr = {20 x (1-S00C),0.95 < SOC <1 (5)
0,50C =1

The functional relationship between SOC values and the
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Fig. 6. Relationship between SOC values and k._cpqr in
charge mode

current limit link k. pq- in the charge mode is shown in
equation (5) and Fig. 6, respectively. Also, the functional
relationship between SOC values and the current limit link
kc—ais in the discharge mode is shown in equation (6) and
Fig. 7, respectively.
0,50C <0.25
Koo gis = {20 % (SOC —0.25),0.25 < SOC < 0.3 (6)
1,50C > 0.3

The charge and discharge current are controlled by SOC
values when the ultracapacitor energy storage systems
operate in charge and discharge modes normally. Besides,
the SOC values of ultracapacitor set gradually reduce the
charge current after reaching upper limit in the charge
mode, thus avoiding the ultracapacitor set out of operation
in the form of rapid removal of large current near full load.
Quick large current removal should be also avoided after
discharge to a certain depth in the discharge mode.
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Fig. 7. Relationship between SOC values and k._g4;s in
discharge mode

3. RESULTS AND DISCUSSION

3.1 Simulation Parameters

Table 1. Control parameters of bilateral energy
storage systems

Energy storing device  Charge mode  Discharge mode

. i ki= 2 ko = 2
Traction substation A k1o = 1000 kso = 1000

. . ki = 10 k2 =0.5
Traction substation B k1o = 2000 Koo = 2000

Here, the given reference constant charge and discharge
thresholds are set as: Upcp1 = 1600V, Uycro = 1300V; the
control parameters k; and kqg, as well as ko and koo are
got according to the multiple experiment results, which are
shown in Table 1. Simulation time, traction acceleration
time and train braking deceleration time are set as 2s,
0.48s, 1.5s, respectively. The functional relationship be-
tween the train real-time running distance L and time t in
a power supply section is shown in Fig. 8. The permanent

Table 2. Ultracapacitor parameters

Energy storage Sinele capacit Number Number of
element & PACLY ot series parallel groups
Ultracapacitor 69.63F 370 13

magnet synchronous traction motor is selected and its
parameters are: stator resistance Rs; = 0.2852, equivalent
d, g-axis inductance Lq = Ly = 2.5mH, pole pair p,, = 4,
rotor permanent magnet flux linkage ¥y = 0.75Wb. The
specific parameters of the Ultracapacitor monomer are
shown in Table 2. Suppose a train moves from station A to
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0

Fig. 8. Relationship between train distance and time

station B with traction acceleration, coasting and braking
deceleration. According to the time ratio of 1:20, 0-0.48s,

train traction acceleration, is considered as uniformly ac-
celerated motion, 0.48-1.5s, train coasting, is considered
as uniform velocity motion, 1.5-2s, train braking deceler-
ation, is considered as uniformly decelerated motion. The
functional relationship between L and time t is expressed
in equation (7).
—43.4t% +50,0 < t < 0.48
| =1<{ —29.41t 4+ 54.12,0.48 <t < 1.5 (7)
40(t—2)%15<t<2

3.2 Simulation Result Analysis

The traction net voltage comparison of the urban rail
energy storage systems with different control strategies is
shown in Fig. 9. The traction network voltage is fluctuated
greatly if the energy storage systems are not used during
train braking and starting processes. n the case of setting
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Fig. 9. Traction net voltage comparison with different
control strategies

the same charge and discharge thresholds, the traction
net voltage is stabilized at about 1250V in train traction
acceleration and 1620V in braking deceleration with the
traditional energy storage system control strategy. There
is a gap between the actual traction net voltage and the
given target of 1300-1600v, and the fluctuation range is
large. While the voltage stabilizing and energy saving
effects of the traction net are significantly improved with
the improved control strategy. The traction net voltage
is stabilized above 1300V in train traction acceleration
and below 1600V in braking deceleration. In addition, the
traction net voltage is more stable during the voltage sta-
bilizing process, and the braking energy utilization is also
greatly improved. The energy flows between the energy
storage systems and the traction net is more efficient and
energy-saving. The initial terminal voltage and maximum
working voltage of the ultracapacitors are set as 500V.
The terminal voltage change of bilateral energy storage
systems without SOC limit during whole train operating
process is shown in Fig. 10 and it is compared with that of
a single energy storage system with the traditional control
strategy. The terminal voltage of the single energy storage
system varies greatly in the process of charge and discharge
with the traditional control strategy, while the terminal
voltage variation range of bilateral energy storage systems
is reduced with the improved control strategy.
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Fig. 10. Ultracapacitor bank terminal voltage
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Fig. 11. SOC change waveform with SOC limit

In train traction acceleration, the energy storage device A
close to the train real-time position is mainly responsible
for voltage stabilization, and the terminal voltage variation
range is greater than that of energy storage device B.
The wayside energy storage system B far from the train
has a small discharge current, and the terminal voltage
only drops by about 60V. In train braking deceleration,
the energy storage device B close to the train real-time
position undertakes most of braking energy utilization,
and the terminal voltage variation range is greater than
that of energy storage device A. The wayside energy
storage system A far from the train has a small charge
current, and the terminal voltage only rises by about
70V. The charge and discharge of bilateral energy storage
systems is dynamically coordinated with the change of
train real-time running distance, thus the line loss in the
charge-discharge process being reduced.

The SOC values change with time in the case of SOC
limit is shown in Fig. 11 The discharge depth is more than
0.25 in the discharge mode, and the charge depth does not
exceed the maximum working voltage in the charge mode.

The change of discharge thresholds of bilateral energy
storage systems with time is shown in Fig. 12.i) The
traction net voltage is dropped due to train traction
acceleration and the traction net is discharged by the
bilateral energy storage systems at the same time. A higher
discharge threshold, up to 1400V, is got by energy storage
system A closer to the train and set dynamically with

the train real-time running distance. When the discharge
depth of energy storage system A is close to the limit
(SOC>0.25), it is transferred to energy storage system
B to undertake the main voltage stabilizing task. The
discharge threshold of energy storage system B increases
suddenly from 1325V, and it is greater than that of
energy storage system A. The change of charge thresholds
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Fig. 12. The charge threshold variation of bilateral energy
storage systems i) discharge threshold, ii) charging
threshold

of bilateral energy storage systems with time is shown
in Fig. 12.ii) The traction net voltage is risen due to
train braking deceleration. Most of braking energy is
utilized by the wayside energy storage system B close
to the train during early charge stage and it has a low
charge threshold, reaching as low as 1500V. When the
charge depth of energy storage system B is close to the
limit (0.95 < SOC < 1), it is transferred to energy
storage system A to undertake most of braking energy
and the discharge threshold decreases, so dynamic setting
charge and discharge thresholds and coordinated control
of energy flows of bilateral energy storage systems are
realized. The terminal voltage of bilateral energy storage
systems changes with time with SOC value limit based
on dynamic setting and coordinated control is shown in
Fig. 12. According to the terminal voltage change of
each energy storage system, under the condition of the
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charge and discharge depth (SOC value) limit, each energy
storage system can work stably within the safe working
voltage range, that is, the minimum working voltage is
250V, the maximum working voltage is 500V. The energy
flows of bilateral energy storage systems are dynamic
setting and coordinated controlled by tracking the train
real-time running distance and the SOC values.

4. CONCLUSIONS

An improved energy storage system energy management
strategy based on dynamic setting and coordinated control
is proposed in this paper. The simulation results verify
its effectiveness. The energy saving and voltage stabilizing
effect of energy storage systems are improved. Also, the
energy flows of energy storage systems installed in traction
substations can be regulated dynamically and coordinated
through tracking the train real-time running distance and
SOC variation. The utilization degree of each energy
storage system tends to be balanced and reasonable.
However, the proposed strategy is only applied to a single
train. It is necessary to further study the up train and
down train together in the same power supply section in
the future.
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