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The braking process of electric locomotive is featured by short braking time, large braking power, large voltage fluctuations, etc.
Faced with the problem of low utilization of braking energy and high investment cost of the current regenerative braking energy
utilization systems, an energy optimization scheme is proposed in this paper by combining the control strategy for energy storage
and energy optimization.The regenerative braking energy utilization system ismodeled by analyzing the braking process of electric
locomotive. The instantaneous absorption reference powers of the energy storage subsystem and energy feedback subsystem in
braking process are obtained according to the established mathematical model. The energy storage subsystem uses super capacitor
and adopts a power-current dual closed-loop control strategy.The energy feedback subsystem adopts a voltage-current dual closed-
loop control strategy. Through the tracking control of the instantaneous power, a reasonable distribution of the regenerative
braking energy is achieved between the energy feedback subsystem and energy storage subsystem, thereby increasing the utilization
efficiency of the two subsystems. Finally, the performance of the proposed scheme is verified by simulation and experiment.

1. Introduction

Large amount of regenerative energy is generated in the
process of electric locomotive braking.The effective recycling
of regenerative energy has many benefits, e.g., stabilizing the
bus voltage of traction network, preventing the failure of
regenerative braking, and avoiding energy waste [1].

Currently, most of the existing electric locomotive brak-
ing systems adopt mechanical contracting brake or consume
the regenerative energy on resistance [2]. In comparison,
the scheme that absorbs regenerative feedback energy has
the advantages of small harmonic content, flexible control
strategy, and good dynamic performance. Besides, the system
adopting this scheme has a high power factor, which does
not change with the change of feedback power, making it a
promising choice for the utilization of regenerative energy
[3–7]. The braking of electric locomotive is featured by large
power and large fluctuation in voltage, which requires that

feedback energy system should have high power density and
high energy density. However, it is difficult to meet this
requirement by a single type of absorption scheme. Super
capacitor, with advantages of high power density, long cycle
life, good temperature characteristics and simple charging
and discharging circuits, is an excellent choice for feedback
energy absorption [3, 8–12]. Therefore, the combination of
super capacitor and energy-type feedback system provides a
promising scheme for the absorption of regenerative feed-
back energy in electric locomotive braking. Literature [13]
proposed a coordinated control of energy storage subsystem
(with super capacitors) and energy feedback subsystem to
absorb the feedback energy of electric locomotive and to
further stabilize the DC bus voltage of traction network.
Literature [14] proposed a capacity distribution method for
hybrid energy absorption in electric locomotive braking.
However, both literature [13] and [14] failed to establish a
mathematical model for analyzing the distribution of the

Hindawi
Mathematical Problems in Engineering
Volume 2018, Article ID 2510487, 13 pages
https://doi.org/10.1155/2018/2510487

http://orcid.org/0000-0002-8623-5323
http://orcid.org/0000-0002-7072-4798
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2018/2510487


2 Mathematical Problems in Engineering

braking energy between energy storage subsystemand energy
feedback subsystem, and their systems both adopted the
traditional voltage-current dual closed-loop control strategy.
This kind of control strategy mainly aims at suppressing
the fluctuation in DC bus voltage and cannot achieve the
dynamic tracking control of the feedback power in braking
process. Therefore this control strategy fails to achieve an
optimal distribution of the feedback energy between energy
storage subsystem and energy feedback subsystem.

The contribution of this paper mainly includes the fol-
lowing parts. (1) A mathematical model is established for
the regenerative braking energy utilization system. (2) The
instantaneous absorption reference powers of the energy
storage subsystem and energy feedback subsystem in braking
process are obtained according to the mathematical model.(3) An optimized energy distribution scheme that adopts
novel control strategies for energy storage subsystem and
energy feedback subsystem is proposed, which significantly
improves the overall performance of the braking energy
utilization system.

The rest of this paper is organized as follows. In Section 2,
the mathematical model for the energy storage subsystem
and energy feedback subsystem is established and the control
strategies for the two subsystems are presented. In Section 3,
the energy distribution between the two subsystems and
its control strategy are illustrated. In Sections 4 and 5,
the simulation and experiment are performed, respectively.
Conclusions are drawn in Section 6.

2. Modeling of Energy Feedback Subsystem
and Energy Storage Subsystem

2.1. The Topology and Control Strategy of Energy Storage
Subsystem. The energy storage subsystem consists of two
components: the super capacitor bank for storing braking
energy and the bidirectional DC-DC converter circuit for
charging and discharging the super capacitor bank. The
topology and working mode of this subsystem are shown in
Figure 1. The energy storage subsystem receives the charging
and discharging commands according to the fluctuation in
DC bus voltage. Then the subsystem selects the boost mode
or buckmode to suppress the fluctuation ofDCbus voltage by
absorbing or releasing energy. When electric locomotive is in
traction state, the VT2 is turned on with a certain duty cycle,
constituting a boost chopper circuit with the antiparallel
diode of VT1. As a result, the energy is released to the bus
of traction network, at which time iL is negative. When the
electric locomotive is in braking state, the VT1 is turned on
with a certain duty cycle, constituting a buck chopper circuit
with the antiparallel diode of VT2 to absorb the feedback
energy from the traction bus, at which time iL is positive.

According to the principle of PWM, we have

𝑈𝑆𝐶 = 𝐷 ⋅ 𝑈𝑑𝑐 (1)

where 𝑈𝑆𝐶 is the terminal voltage of super capacitor,𝐷 is the
duty cycle, and 𝑈𝑑𝑐 is the DC bus voltage.

In steady state, 𝐷 = 𝑈𝑆𝐶/𝑈𝑑𝑐 and the voltage of the
inductor is zero. The input of the energy storage subsystem
is given by [10]

𝐷 = (Δ𝐷 + 𝐷𝑠) = (𝑈𝐿𝑆𝐶 + 𝑈𝑆𝐶𝑈𝑑𝑐 ) (2)

where 𝑈𝐿𝑆𝐶 is the electromotive force generated by the
inductance and𝐷𝑠 is the duty cycle in steady state.

The dynamic equations for the inductor/capacitor branch
are obtained by Kirchoff ’s voltage law, as presented by

𝑑𝑑𝑡 [ 𝑖𝑆𝐶𝑈𝑆𝐶] = [[[
−𝑅𝐿 −1𝐿− 1𝐶 0 ]]][ 𝑖𝑆𝐶𝑈𝑆𝐶] + [[

1𝐿0]]𝑈𝑑𝑐 (3)

In (3), the system states variables include the voltage 𝑈𝑆𝐶
generated by the current going through the inductor iL and
the capacitor.

Therefore, the dynamics equation of the reduced-order
model is obtained and described by𝑖𝑆𝐶 = −𝑈𝑆𝐶𝑅 + 𝑈𝑑𝑐𝑅𝑖𝑆𝐶 = 𝐶 𝑑𝑑𝑡𝑈𝑆𝐶 (4)

In this research, the energy storage subsystem adopts a
dual loop control strategywhere the traction bus voltage is the
outer loop and the current is the inner loop. Figure 2 shows
the control diagram of the energy storage subsystem.

The reference charging current 𝑖𝑆𝐶∗ of the energy storage
system is obtained by performing PI operation on the
difference between the absorb power 𝑃𝑆𝐶 and the reference
absorption power 𝑃𝑆𝐶∗. Then, the difference between the ref-
erence charging current and the measured charging current
is adjusted by PI operation, to produce a trigger pulse with
the desired duty cycle.The trigger pulse is used to control the
turn-on and turn-off of the IGBT.

2.2. The Topology and Control Strategy of Energy Feedback
Subsystem. With a power electronics converter, the energy
feedback subsystem gives back the braking energy to AC
network.The energy feedback subsystem ismainly composed
of isolating switch QF, feedback converter and isolated trans-
former, where the feedback converter is composed of power
electronics module, control subsystem, and filter. The main
circuit and control diagram of the energy feedback subsystem
are shown in Figure 3.

To achieve the decoupled dual closed-loop control of the
active and reactive current components in a simple way, the
AC-side mathematical model after coordinate transforma-
tion is described by [5]

(𝑑𝑖𝑑𝑑𝑡𝑑𝑖𝑞𝑑𝑡 ) = ( −𝑅 𝜔𝐿−𝜔𝐿 −𝑅)(𝑖𝑑𝑖𝑞) + (1 00 1)(𝑈𝑑𝑈𝑞)
− (1 00 1)(ed

eq
)

(5)
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Figure 1: Topology and working mode of bidirectional DC-DC converter.
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Figure 2: Control diagram of the energy storage subsystem.

Thus, the control strategy of the current controller can be
obtained by

𝑈𝑑 = −(𝐾𝑝 + 𝐾𝑖𝑆 ) (𝑖𝑑∗ − 𝑖𝑑) + 𝜔𝐿𝑖𝑞 + 𝑒𝑑𝑈𝑞 = −(𝐾𝑝 + 𝐾𝑖𝑆 ) (𝑖𝑞∗ − 𝑖𝑞) − 𝜔𝐿𝑖𝑑 + 𝑒𝑞 (6)

Based on grid-voltage vector orientation, the voltage of
AC network in (6) is oriented on the 𝑑 axis, 𝑒𝑑 = 0; when
it is in inverter state with negative power factor, the reactive
power of the converter is 0, so the specified reactive current𝑖𝑞∗ = 0. The actual DC bus voltage 𝑈𝑑𝑐 and the given𝑈𝑑𝑐∗ are used as the input of the PI regulator. The output
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Figure 3: Main circuit and control diagram of the energy feedback subsystem.

of the PI regulator is used as the reference current 𝑖𝑑∗ of 𝑑
axis corresponding to the active power. Through adjusting
the active power that is given back to the AC network, the
increasing speed of the DC bus voltage can be reduced.

3. Energy Distribution between Energy
Feedback Subsystem and Energy Storage
Subsystem and Its Control Strategy

3.1. Theoretical Analysis of the Optimization of Energy Dis-
tribution. There are generally two types of control strategies
for the distribution of regenerative braking energy between
the energy storage subsystem and the energy feedback sub-
system, i.e., strategy of energy storage priority and strategy
of energy feedback priority. For the purpose of reducing the
capacity of the energy storage subsystem and improving the
utilization efficiency of the energy feedback subsystem, the
strategy of energy feedback priority is selected in this paper.
The DC traction buses of the energy storage subsystem and
the energy feedback subsystem are parallelly connected.

In the braking process, the speed of electric locomotive
is reduced (or the S curve) with a constant deceleration.

Figure 4 shows the ideal power curve and energy distribution
relationship of the two subsystems in the braking process. At
the time of t1, the electric locomotive enters the braking stage.

It can be seen from Figure 4 that with the increase of the
maximum absorption power 𝑃𝐿max of the energy feedback
subsystem, the required capacity of the super capacitor is
reduced, but the unutilized capacity of the energy feedback
subsystem (the corresponding energy is 𝐸Δ𝐿) is increased.
Similarly, as the value of 𝑃𝐿max decreases, although the unuti-
lized capacity of the energy feedback subsystem is reduced,
the required capacity of the super capacitor is increased. The
goal of the optimization is to maximize the utilization of
the energy feedback subsystem and minimize the capacity
required for the super capacitor in energy storage subsystem.

To conduct themathematical modeling, the first step is to
obtain the relationship between braking time, initial braking
speed, and braking torque by dynamics analysis.

The resistance in the process of electric locomotive brak-
ing is composed of basic resistance, electromagnetic braking
resistance, and additional air braking resistance. The basic
resistance includes bearing resistance, rolling resistance, slid-
ing resistance, shock vibration resistance, and air resistance.
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Figure 4: Energy distribution between energy feedback subsystem and energy storage subsystem.

The electromagnetic braking resistance is determined by the
braking torque and some intrinsic parameters of the electric
locomotive.

The basic resistance can be obtained by empirical experi-
ment, which is𝐹𝑤 = (𝑎 + 𝑏V + 𝑐V2) ⋅ 𝑀 ⋅ 𝑔 ⋅ 10−3 (7)

where a, b, and c are the empirical constants related to
the electric locomotive, M is the total mass of the electric
locomotive, and 𝑔 is the gravity coefficient.

The electromagnetic braking resistance is given by

𝐹𝑏 = 𝑛𝑚𝑎𝑇𝑒𝐺𝑟𝑅𝑤𝜂𝑔𝜂𝑚 (8)

where 𝑛𝑚𝑎 is the number of shafts that provide power, 𝑇𝑒 is
the braking torque, 𝐺𝑟 is the transmission ratio, 𝑅𝑤 is the
wheel radius, 𝜂𝑔 is the efficiency of the gearbox, and 𝜂𝑚 is the
efficiency of the motor.

According to the basic law of dynamics, we have𝐹𝑡 = 𝐹𝑤 + 𝐹𝑏 + 𝐹𝑎 = 𝑀(1 + 𝛾) 𝑎 (9)

where Ft is the sum of all resistances in the braking process,𝐹𝑤 is the basic resistance, Fb is the electromagnetic braking
resistance, 𝐹𝑎 is the air braking resistance, 𝛾 is the rotarymass
coefficient, and a is the acceleration.

Therefore, the braking time of the electric locomotive can
be expressed by

𝑡𝑏𝑟𝑒𝑎𝑘 = 𝑡3 − 𝑡1 = V𝑎 (10)

Bringing (7), (8), and (9) into (10), the braking time can
be calculated by𝑡𝑏𝑟𝑒𝑎𝑘
= V𝑠M (1 + 𝛾)(a + bv + cv2) ⋅M ⋅ g ⋅ 10−3 + 𝑛𝑚𝑎𝑇𝑒𝐺𝑟/𝑅𝑤𝜂𝑔𝜂𝑚 + 𝐹𝑎
= V𝑠𝑀(1 + 𝛾)𝐶

(11)

where Vs is the speed of the electric locomotive when
entering the braking stage and C is the equivalent constant
resistance in the braking process.

For the convenience of modeling, the x axis in Figure 4
is translated to the position of the t1 moment in the original
coordinate system. In the new coordinate system, the feed-
back power in the braking process is given by

𝑝𝑀 = 𝑃𝑀max (1 − 𝑡𝑡3) = 𝑃𝑀max (1 − 𝑡𝑡𝑏𝑟𝑒𝑎𝑘) (12)

where 𝑝𝑀 is the instantaneous feedback power in the braking
process, 𝑃𝑀max is the peak feedback power in the braking
process, and 𝑡𝑏𝑟𝑒𝑎𝑘 is the braking time in (11).

Then, the t2 moment, i.e., the intersection of the feed-
back power curve and the maximum absorption power of
the energy feedback system (the energy storage subsystem
changes from absorbing power to releasing power), can be
calculated by

𝑡2 = (1 − 𝑃𝐿max𝑃𝑀max
) 𝑡3 = (1 − 𝑃𝐿max𝑃𝑀max

) 𝑡𝑏𝑟𝑒𝑎𝑘 (13)

where 𝑃𝐿max is the maximum absorption power of the energy
feedback subsystem.

Further, the energy absorbed by the energy storage
subsystem and the energy absorbed by the energy feedback
subsystem are calculated by

𝐸𝑆𝐶 = 12 (𝑃𝑀max − 𝑃𝐿max)2𝑃𝑀max
𝑡𝑏𝑟𝑒𝑎𝑘 (14)

𝐸Δ𝐿 = 12 𝑃𝐿max
2𝑃𝑀max
𝑡𝑏𝑟𝑒𝑎𝑘 (15)

The super capacitors in the system require a large-scale
combination of series and parallel work, and their overall
performance will decrease depending on many factors such
as temperature, bias voltage, and inconsistent monomer
parameters [15]. The cost of absorbing the same amount
of energy varies for energy storage subsystem and energy
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feedback subsystem. So a parameter 𝜆 is introduced to act as
the ratio of unit cost, which is defined by

𝜆 = 𝐶cos𝑡𝑃 ⋅ 𝑇𝑙𝑖𝑓𝑒 (16)

where P is the power of the system, 𝑇𝑙𝑖𝑓𝑒 is the service life of
the system, and 𝐶cos𝑡 is the total cost of the system.

To optimize the system, an objective function is defined
as 𝑆 = 𝜆𝑆𝐶𝐸𝑆𝐶 + 𝜆𝐿𝐸𝐿 (17)

where 𝜆𝑆𝐶 is the ratio of unit cost energy ratio of energy
storage subsystem, 𝜆𝐿 is the ratio of unit cost energy ratio
of energy feedback subsystem, 𝐸𝑆𝐶 is the energy absorbed by
energy storage subsystem, and 𝐸𝐿 is the energy fed back by
energy feedback subsystem.

When S in (17) reaches the minimum, an optimal dis-
tribution is achieved between energy storage subsystem and
energy feedback subsystem. Bringing (14) and (15) into (17),
we have

𝑆 = 12𝜆𝑆𝐶𝑃𝐿max
2𝑃𝑀max
𝑡3 + 12𝜆𝐿 (𝑃𝑀max − 𝑃𝐿max)2𝑃𝑀max

𝑡3 (18)

To find the minimum of 𝑆, we let𝜕𝑆𝜕𝑃𝐿max
= 0 (19)

Therefore, the maximum absorption power of the energy
feedback subsystem is obtained as

𝑃𝐿max = 𝜆𝐿𝜆𝑆𝐶 + 𝜆𝐿𝑃𝑀max (20)

Correspondingly, the instantaneous absorption power of
the energy feedback subsystem and that of the energy storage
subsystem can be obtained as

𝑝𝐿∗ = 𝜆𝐿𝜆𝑆𝐶 + 𝜆𝐿𝑃𝑀max, 0 < t ≤ t2

𝑝𝐿∗ = 𝑃𝑀max (1 − 𝑡𝑡3) , t2 < 𝑡 < 𝑡3 (21)

𝑝𝑆𝐶∗ = ( 𝜆𝑆𝐶𝜆𝑆𝐶 + 𝜆𝐿 − 𝑡𝑡3)𝑃𝑀max, 0 < t ≤ t2

𝑝𝑆𝐶∗ = 0, t2 < 𝑡 < 𝑡3 (22)

where 𝑝𝐿∗ is the instantaneous absorption power of the
energy feedback subsystem and 𝑝𝑆𝐶∗ is the instantaneous
absorption power of the energy storage subsystem.

3.2. Control Strategy for the Optimal Distribution of Braking
Energy. The control strategy in this research aims at con-
trolling the feedback power of electric locomotive and the
fluctuation in the DC bus voltage of traction network. This
paper researches the master-slave control strategy combining

energy storage and energy feedback. Specifically, the main
controller distributes the absorption power of the energy
storage subsystem and the energy feedback subsystem based
on the DC bus voltage of traction network. The control
diagram of the proposed energy distribution scheme is
shown in Figure 5. In the figure, the absorption power is
calculated based on the fluctuation in the DC bus voltage
and then the command is transmitted to the energy feedback
subsystem and the energy storage subsystem. The energy
storage subsystem independently suppresses the fluctuation
of the DC bus voltage in traction network.

The energy storage subsystem adopts the dual closed-
loop control strategy with active power and current. The
reference power absorbed by the super capacitor can be
obtained by (22).The difference between the reference power
and the actual power is adjusted by PI operation to obtain
the reference charging and discharging currents of the super
capacitor. The reference current and the actual current are
adjusted by PI operation to formulate a pulse with desired
duty cycle. The energy feedback subsystem adopts the dual
closed-loop control strategy with bus voltage and current
as the parameters. The maximum absorption power of the
energy feedback subsystem can be obtained by (21), to further
obtain the three-phase current of the energy feedback subsys-
tem.The correspondingmaximum active current component
(negative value) can be obtained by the Park transform.
Thus, themaximum absorption power of the energy feedback
subsystem can be suppressed by limiting themaximum active
component of the energy feedback subsystem.

In the braking stage, the distribution of feedback energy
is as follows 𝐸𝑀 = ∫𝑃𝑀𝑑𝑡

𝐸𝑆𝐶 = ∫𝑃𝑆𝐶𝑑𝑡 = ∫ 𝑖𝑆𝐶𝑢𝑆𝐶𝑑𝑡
𝐸𝐿 = ∫𝑃𝐿𝑑𝑡 = 3∫𝑢𝐿𝑖𝐿𝑑𝑡

(23)

where 𝐸𝑀 is the energy generated by the electric locomotive
braking, 𝐸𝑆𝐶 is the energy absorbed by the energy storage
subsystem, and 𝐸𝐿 is the energy absorbed by the energy
feedback subsystem.

To verify the effectiveness of the proposed energy distri-
bution scheme, we let

𝑎 = 𝐸𝑆𝐶𝐸𝑀𝑏 = 𝑃𝐿𝑚𝑎𝑥𝑃𝑀𝑚𝑎𝑥𝛾 = 𝐸𝐿𝐸𝐿 + 𝐸Δ𝐿 = 𝐸𝐿𝑃𝐿𝑚𝑎𝑥 × 𝑡3𝜂 = 𝐸𝑆𝐶 + 𝐸𝐿𝐸𝑀 × 100%
(24)

where 𝛼 is the ratio of the energy absorbed by the super
capacitor to the total feedback energy, 𝛽 is the ratio of the
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capacity of the converter in the energy feedback subsystem
to the peak power of the electric locomotive braking, 𝛾 is the
efficiency of the converter in the energy feedback subsystem,
and 𝜂 is the efficiency of absorbing regenerative feedback
energy.

4. Simulation Analysis

To evaluate the effectiveness of the proposed energy distri-
bution scheme and the control strategy, MATLAB/Simulink
platform is used to construct the model of regenerative brak-
ing energy utilization system. Figure 6 shows the modeled
system which is mainly composed of three modules, i.e.,
traction substation, energy storage subsystem, and energy
feedback subsystem.TheACvoltage of 10 kV is reduced by the
traction substation and rectified by 24-pulse wave, to obtain
the DC bus voltage of traction network, 1500 V, for electric
locomotive traction. The electric locomotive adopts the A-
type model with 6 tractors and 2 trailers. Each tractor is
driven by six AC asynchronous motors.

Table 1: Parameters of electric locomotive system.

Parameter Value
Model of traction motor 1TB2010
Electric locomotive mass ( M/t) 225
Rated power (P/MW) 4.56
Max running speed (km/h) 80
Rated voltage of traction network (U/V) 1500
Wheel radius (R/m) 0.4025
Motor efficiency 0.9
Gearbox efficiency 0.96
Max braking force (F/kN) 342.24

Tables 1 and 2 show the parameters of the electric
locomotive system and the super capacitor bank, respectively.

The main parameters of the simulation model are as
follows: DC bus voltage of traction network𝑈𝑑𝑐 = 1500V, 𝐿𝑆𝐶
= 0.012H, super capacitor voltage 𝑈𝑆𝐶𝑚𝑖𝑛 = 750V and 𝑈𝑆𝐶𝑚𝑎𝑥
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Figure 7: Working characteristics of the energy storage subsystem.
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Figure 8: Working characteristics of the energy feedback subsystem.

= 1000V, energy storage capacity C=24F, internal resistance𝑅𝑆𝐶 = 5.6mΩ, switching frequency of IGBT is 5000Hz, and
the maximum feedback power of energy feedback system is
1.5MW.The simulation results are presented in Figures 7–10.

Figure 7 shows the working characteristics of the energy
storage subsystem. At t=20s, when the DC bus voltage is
lower than 1450V, the energy storage subsystem enters the

discharging mode, and the DC bus voltage is stabilized by
releasing the energy in energy storage subsystem, with peak
discharging current of about 3200A. At t=30s, the starting
stage comes to an end and the energy storage subsystem
enters a stable state, neither releasing nor absorbing energy.
At t=40s, the electric locomotive enters the braking stage,
and the regenerative braking energy released to the traction
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Figure 9: Energy cycling status during electric locomotive braking.
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Figure 10: Working characteristics of the DC bus voltage.

Table 2: Parameters of the super capacitor.

Parameter Value
Single unit 3000F, 𝑉max = 2.5𝑉
Energy density (Wh/kg) 6
Combination of series and
parallel connection 4 parallel×500 series, 24F
Available energy (kW ⋅ h) 5.2
Max voltage (V) 1250

network causes an increase in the DC bus voltage; the
energy storage subsystem enters the charging mode and
stabilizes the DC bus voltage at around 1800V by absorbing
excess regenerative feedback energy; the peak of charging
current reaches 3000A and themaximumpower released and
absorbed by the energy storage subsystem is both about 3MW,

with the super capacitor voltage fluctuating between 750V
and 1000V.

Figure 8 shows the working characteristics of the energy
feedback subsystem. In the stage of starting and the stage
of moving at constant speed, the energy feedback subsystem
does not work. When the electric locomotive enters the
braking stage, the energy feedback subsystem begins to
absorb the braking energy with a maximum power of 1.5MW,
and the excess braking energy is absorbed by the energy
storage subsystem. When the braking energy is less than
the maximum absorption energy of the energy feedback
subsystem, the energy storage subsystem stops working, and
the energy feedback subsystem absorbs all of the regenerative
feedback energy. In the braking stage, the energy feedback
subsystem always absorbs the regenerative feedback energy
with a negative power factor, a voltage amplitude of 1000V,
and a current amplitude of 3200A.
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Figure 11: Facilities for field experiment and the working characteristics of the electric locomotive.

Figure 9 shows the energy recycling status in the process
of electric locomotive braking. The peak power of the feed-
back energy is about 5MW. The peak power absorbed by the
regenerative braking energy utilization subsystem is about 4.5
MW. According to Figure 9 and (23), the total braking energy
generated by the electric locomotive and the energy absorbed
by the absorption subsystemareEM=8.1 kW⋅h,𝐸𝑆𝐶=2.5 kW⋅h,
and EL=4.2 kW ⋅h, respectively, where the unabsorbed energy
of 1.4 kW ⋅ h is the sum of the switching loss and resistance
loss of the power electronics device. It can be known from
(20) and Figure 10 that the energy absorbed by the super
capacitor is only 0.31 times of the total feedback energy, which
greatly reduces the capacity of the energy storage subsystem;
that the maximum absorption power of the energy feedback
subsystem is 0.3 times of the peak power in braking process,
with the utilization of the converter capacity being 81%; and
that the recycling rate of the regenerative braking energy is as
high as 82.7%.

Figure 10 shows the working characteristics of the DC
bus voltage. In the stage of electric locomotive starting, the
traction substation transmits power to the electric locomo-
tive through the DC bus. The transmitted power gradually
increases in the early stage of starting and becomes stable at
around 3.2 MW in the late stage of starting. When entering
the braking stage, due to the clamping function of the rectifier
diode, the regenerative energy cannot flow to the traction
substation, and the power transmitted by the traction bus
is zero. The simulation result shows that energy storage
subsystem effectively suppresses the decrease of the DC

bus voltage during starting stage, and the DC bus voltage
is maintained at a preset value of 1450V. During braking
stage, the DC bus voltage does not exceed 1800V due to the
functioning of the energy feedback subsystem and the energy
storage subsystem. Since the fluctuation in theDCbus voltage
is within a reasonable range, the current curve of the DC bus
is similar to its power curve.

5. Field Experiment

To verify the performance of the proposed scheme, the field
experiment was carried out using the electric locomotive and
other facilities from Zhuzhou CRRC Times Electric Co., Ltd.
The parameters of the electric locomotive and the facilities
are shown in Tables 1 and 2. Figure 11 shows the experimental
facilities and the electric locomotive’s working characteristics.
As can be seen from the figure, the electric locomotive
experiences the stage of staring (0-23 s), the stage of moving
at constant speed (23-57 s), and the stage of braking (57-81 s).

The experimental results are shown in Figures 12 and 13.
Figure 12 shows the curves of the DC bus voltage of traction
network (Udc), the power of the super capacitor (Psc), and
the voltage of the super capacitor (U𝑠𝑐). Figure 13 shows the
curves of energy feedback power (PL), the working current
(iL), and the feedback power of electric locomotive (PM). The
no-load voltage of the DC bus is 1500V.

In the stage of starting, the starting power supplied by the
traction substation to the electric locomotive flowed through
the line impedance, causing a decrease in the DC bus voltage.
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To prevent the huge decrease in bus voltage, the energy
storage subsystem released energy to the DC bus with a peak
power of 3MW. The DC bus voltage was finally stabilized at
about 1400V, and the super capacitor voltage was reduced
from 1000V to 700V. In the stage of moving at a constant
speed, the operating power of the electric locomotive was
low, the DC bus voltage was approximately restored to 1500V,
the energy storage subsystem entered the standby mode, and
super capacitor voltage remained constant at 700V. When
entering the braking stage, the regenerative feedback energy
was charged to the DC bus, causing the bus voltage to rise
beyond the preset value, and the energy storage subsystem
was switched from standby mode to charging mode. At
the same time, the energy feedback subsystem received the
command to start its operation.

It can be seen from Figure 13 that the peak power of
the electric locomotive braking was 5MW, and the generated
feedback energy generated was about 16.7 kW ⋅ h. For the
synergistic absorption of feedback energy in the early stage,
the peak power of the energy storage subsystem was 3 MW,
and the absorbed feedback energy was about 6.2 kW ⋅ h.
The energy feedback subsystem always absorbed the feedback
energy with the maximum absorption power of 1.5 MW, the
absorbed feedback energy was 6.6 kW ⋅h, and the bus voltage
was stable at 1700V. In the final stage, with the decrease of
feedback energy, the energy storage subsystem stopped its
operation, and only the energy feedback subsystem absorbed
all the feedback energy of 1.67 kW ⋅h, and the braking process
ended. From (24), 𝛼 is calculated as 0.3 and 𝛽 as 0.371.

6. Conclusions

This paper proposes an optimized scheme for the reasonable
energy distribution between energy storage subsystem and
energy feedback subsystem.This scheme adopts an improved
voltage-current dual closed-loop control strategy. The exper-
imental results show that the maximum absorption power of
the energy feedback subsystem is 0.3 times of the peak power
of the electric locomotive braking, with a capacity utilization
efficiency of 81% and that the energy absorbed by the energy
storage subsystem is 0.371 times of the energy of electric
locomotive braking. The fluctuation in the DC bus voltage
of traction network and the recycling rate of the regenerative
braking energy are within the normal range. It is verified
by the simulation and experiment that the proposed scheme
can effectively overcome the shortcomings of low energy
density of energy storage subsystem and weak antishock
power of energy feedback subsystem. The proposed scheme
has improved the capacity utilization of the energy feedback
devices and shows good economic benefits.
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