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Abstract: Generally running with frequent braking over short distances, the urban rail transit
train generates great quantities of regenerative braking energy (RBE). The RBE feedback system
can effectively recycle RBE and give it back to the AC grid. However, the lack of damp and
inertia of generators makes conventional PWM RBE feedback system more sensitive to power
fluctuations. To address this issue, a synchronverter-based RBE feedback system of urban rail
transit is designed in this paper. First, the structure of the feedback system is presented. Then,
the synchronverter-based control strategy with greater flexibility and higher stability is fully discussed.
Furthermore, the parameter design of the system is analyzed in detail. Finally, simulation results and
experimental results are provided to show the good dynamic performance of the system. Using this
synchronverter-based approach, the system supplies traction power to the traction network when
the train accelerates and gives the RBE back to the AC grid when the train brakes, in light of the
variation of the DC bus voltage. Moreover, the system can be self-synchronized with the AC grid and
make corresponding power management on the basis of changes in the voltage amplitude as well as
the frequency of the grid. In this sense, the RBE feedback system becomes more flexible, effective
and robust.

Keywords: synchronverter; regenerative braking energy; energy feedback; grid power regulation

1. Introduction

Urban rail transit tends to be more efficient, flexible and energy saving. In light of the trend,
subways have gradually become the mainstream in urban rail transit [1-3]. Subways generally run
with frequent braking over short distances, thus can generate a large amount of regenerative braking
energy (RBE), nearly 30-55% of the traction power [4,5]. A fraction of this part of energy can be
absorbed by adjacent trains, while most of it will be left and consequently increase the DC bus voltage,
which greatly disturbs the operation of the trains [6-11].

To cope with the problem, resistors are set in traction substations to consume RBE and accordingly
suppress the increase of the DC bus voltage. Nevertheless, in this way, RBE is simply dissipated into the
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air in the form of heat, thus needs to consume extra energy to supply the temperature control equipment
to cool the air, which is contrary to the demand of energy conservation. In addition, the in-station
resistors cabinet needs to be placed separately, which increases the difficulty of site configuration [12].
However, if RBE could be recycled, it would not only supply for auxiliary equipment in the metro
station but also feed the AC grid for reuse. In this sense, many RBE recycle approaches are developed
to recycle the regenerative braking energy.

In general, the energy recycle approaches can be divided into energy storage methods and inverter
feedback methods, according to the direction of the energy transmission. The former can quickly
stabilize the DC bus voltage by setting energy storage equipment on the DC side to absorb RBE, such
as super capacitors and flywheels, which can also suppress fluctuations of line voltage and optimize
the energy cost. However, there are some drawbacks that limit the application of these energy storage
methods. For instance, because of its bulky volume and insufficient capacity, existing supercapacitor
equipment is not suitable to operate in a small area or for a long time. Moreover, flywheel storage
equipment has not been applied in force due to its low energy density and high self-discharge rate.
Both are limited by installation constraints as well as interoperability issues [13,14].

Another possibility to recycle RBE is to feedback RBE to the AC grid for reuse. When the train
brakes and the DC bus voltage exceeds the threshold value, RBE of the train obtained from the
traction power network is fed back to the 35-kV AC grid through the high-power three-phase PWM
inverter. The droop control method is generally applied in this approach to avoid circulating currents
among converters and communication between units. In this way, stable frequency and voltage of the
system can be obtained by active power—frequency (P-f) droop control and reactive power—voltage
(Q-V) droop control, simulating the primary droop characteristic of the motor. However, when the
conventional droop control is applied to nonlinear loads system, harmonic problems and imbalance
between the active power and reactive power are inevitable [15]. Moreover, the load-dependent
frequency deviation problem also affects its dynamic performance. For instance, at the moment of
grid-connection, this deviation will result in a loss of synchronization.

The virtual synchronous generator is developed to cope with the problem. This concept, first
proposed by the Vertical Sync (VSYNC) project in Europe, adds the virtual inertia and damping to
the conventional droop control and shows a better dynamic performance. Significant efforts have
been done to develop the virtual synchronous generator. The existing virtual synchronous generators
can be divided into current types and voltage types. At present, two current control schemes have
been proposed: Virtual Synchronous Generator (VSG) proposed by The University of Leuven in
Belgium and Virtual Synchronous Machine (VISMA) proposed by The Technical University of Lauxtal
in Germany [16]. VSG, composed of a three-phase half-bridge inverter, a LCL filter and an ideal DC
voltage source for energy storage, effectively improves the system frequency stability. Nevertheless,
the simulation degree of excitation regulation mechanism of the synchronous generator is insufficient,
leaving a gap between the algorithm and the principle of practical synchronous generator. VISMA
indirectly constructs the synchronous generator model by directly controlling the inductance current
of the AC side filter, thus simulating the characteristics of primary frequency modulation and primary
voltage regulation [17]. However, the control accuracy of VISMA is easily affected by filter inductances.
There are mainly two schemes for voltage-controlled virtual synchronous generator technology, the
virtual inertial frequency control proposed by Iravani [18] and the synchronverter proposed by
Zhong [19,20]. By using the virtual inertial frequency control, the inverter has the same moment of
inertia and primary frequency modulation characteristics as the conventional synchronous generator.
However, the simulation degree is insufficient. The synchronverter, the closest to the operation
mechanism of the practical synchronous generator, does not need additional synchronization units,
thus can synchronize with the grid smoothly. The synchronverter has been widely used in wind power
generation, solar power generation, static reactive power compensation, motor speed regulation and
other aspects [21-24]. However, the dynamic performance of the synchronverter is greatly affected by
control parameters. Only a few works give a whole parameter design method of the overall control.
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In this paper, a synchronverter-based RBE feedback system of urban rail transit is designed to
supply traction power network with traction energy when the train accelerates and give RBE back to the
AC grid when the train brakes. Moreover, the parameter design method of the overall synchronverter
control is researched in detail. The rest of this paper is organized as follows. In Section 2, the structure
of the RBE feedback system is presented, the control strategy of the system is fully discussed and
the operation characteristics at different mode are analyzed. In Section 3, the system capacity and
the controller parameters are designed in detail. In Section 4, the system performance is verified by
simulations and experiments. The conclusion is presented in Section 5.

2. Overall Design of Synchronverter-Based Regenerative Braking Energy Feedback System

2.1. Structure of the System

The conventional RBE feedback system is shown in Figure 1a. Composed of the contact rail
and return rail, the DC traction network supplies power for the train in operation. When the train
accelerates, the DC bus voltage decreases, the energy from the 35 kV AC grid is rectified through a
24-pulse rectifier, feeding the DC traction network of urban rail transit. When the train brakes, the DC
bus voltage rises and exceeds the threshold value, and RBE of the train obtained from the DC side is
fed back to the AC grid through the high-power three-phase PWM inverter [25]. Compared with the
conventional RBE feedback system, the rectifier and inverter function can be realized with the same
equipment in the synchronverter-based RBE feedback system, as shown in Figure 1b. The system
operates in both rectifying mode and inverter mode, autonomously supplies traction energy to the DC
side and feeds the RBE back to the AC grid. In addition, the system can be self-synchronized with the
grid and make appropriate responses on the basis of changes in the voltage amplitude and frequency
of the grid.

35 kV AC grid 35kV AC grid

Traction RBE
energy

Traction RBE |
energy 24-pulse PWM energy |
rectifier inverter I

|
|
|
|
|
|
feedback |
|
|
]

DC+
DC+
DC traction DC tacton
network “ig TUORT 1 pam— - networ!
= . | s . e T —— (1500 V)
- e, 1500V) DC-

(@) (b)

Figure 1. The RBE feedback systems: (a) the structure of the conventional RBE feedback system; and
(b) the structure of the proposed RBE feedback system.

The RBE feedback system consists of a main circuit, a transformer, an energy storage module and
a master controller, as illustrated in Figure 2. The energy storage module is connected in parallel with
the DC traction network, and the master controller generates drive signals to control the main circuit.
The energy storage module is designed as an auxiliary module to further maintain the stability of the
DC bus voltage.

Energy storage

Master controller
module

DC traction network | o Wit =l T ‘ L o AC grid
(1500 V) - > ain circuit |- > ransformer -t > (35 kV)

Figure 2. The diagram of the proposed RBE feedback system.
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The main circuit consists of a DC traction network, a three-phase bi-directional converter, an
isolating transformer and an AC grid, as shown in Figure 3. The filter capacitor Cg. in Figure 3 is
designed to suppress the harmonic components on the DC side, and the AC side LCL filter can perfectly
weaken the high-order harmonics of the output current [26]. The inverter side inductance Ls of the LCL
filter is used to suppress the current ripple produced by power electronic switches. The grid-side filter
inductance Lg of the LCL filter further weakens the alternating current ripple and limits the impulse
current at the moment of grid-connection [27-29]. The isolating transformer is applied for electrical
isolation and voltage boost of the converter output voltage. To further ensure the stability of the DC
bus voltage, an energy storage module is designed for auxiliary energy storage, which consists of an
accumulator and a Buck/Boost DC-DC converter, as shown in Figure 4. The double closed-loop control
algorithms applied in the charging and discharging mode of the energy storage module are shown in
Figure 5.

35 kV AC grid

Battery Buck/Boost dc-dc converter

Figure 4. The energy storage module of the RBE feedback system.

Vidc+ Iref

Aﬁ}»m—vf PL > _/ =\ PWMI

Vr:f 4.1“1?_’ ’—>—
N

Viref + Iref

PI —b—_/_ Pl > / >+ PWM?2
Ve i

Charging mode

Y

Discharging mode NMN—

Figure 5. The double closed-loop controller.
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The lack of damp and inertia of generators makes the conventional PWM RBE feedback system
more sensitive to power fluctuations [15]. By using the synchronverter, the system can synchronize with
the grid autonomously and participate in the management of the grid. Moreover, the synchronverter
can make corresponding adjustments according to the changes of grid frequency and voltage under
normal and abnormal conditions, thus presents good dynamic performance. Hence, the controller in
this paper is based on the synchronverter, as shown in Figure 6, generating the control instruction e
and the PWM signal of each IGBT of the converter.

D, =
1 o 1 9
Js s "
Formulas of
O T [
Q e Q e e

M.i; i
Figure 6. Mathematical model of the synchronous generator.

According to the characteristics of the synchronous generator (SG), the rotor angle relative to the
a-phase stator winding of the SG is 0. i, is defined as the three-phase stator current of the SG and R;
and L are the resistance and inductance of the stator winding, respectively [15]. When defined as:

_ sin 0
sinf = | sin (60— &)
sin (6 — 4¢)
1
. cos 0 @
cosf = cos(@—%ﬁ)
cos (60— )

the reverse electromotive force e = [e, ey, ec]T, generated by rotor motion in stator windings, can be
expressed as follows:
e = Mi¢O'sin 0 @)

where M is the maximum mutual inductance between the excitation winding and the three-phase
stator winding and i is the field current of the rotor. The SG needs to follow:

| .

0= T(Tm_Te_DPQ) 3)
where Ty, is the mechanical torque, Tk is the electromagnetic torque, | is the moment of inertia and Dp
is the damping coefficient. Assuming that the number of pole-pairs is 1, the electromagnetic torque T,
can be calculated as:

Te = Mfif(i, sin ) (4)

According to the electromagnetic transient relationship, the output active power is expressed as:

P = Mi¢6(i, sin 6) (5)
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Moreover, the output reactive power is expressed as:
Q = —M;is0(i, cos 0) (6)

According to the mathematical model of the SG, the master controller of the RBE feedback system
can be obtained. The specific control strategy is discussed in Section 2.2.

2.2. Control Strategy of the System

2.2.1. Overall Control Strategy

The overall control strategy is presented in Figure 7. Before the grid-connection, the amplitude,
frequency and phase of the output control instruction e are supposed to be synchronized with those of
the AC grid voltage [30]. The Vet is the rated DC bus voltage, Vt/Vy is the upper/lower threshold
value of the traction network voltage, fut/f1: is the upper/lower threshold value of the power grid
frequency and v/} is the upper/lower threshold value of the AC side voltage.

| Self-synchronization |
¥
‘ Test the dc bus voltage Vdc

‘ Test the voltage vpg |

Test the grid frequency f|

.. No No

l Yesiﬁ‘(es
L —— Inverter control Switch on the energy
(RBE feedback mode) storage module
v

Inverter control
(grid power regulation)

End

Figure 7. Overall control strategy of the master controller.

2.2.2. Rectifier Control

The rectifier controller is shown in Figure 8, which consists of a self-synchronization unit, a P-f
control loop, a Q-V control loop and a DC bus voltage loop. The difference value between the voltage
V4c and the reference voltage V.t is fed into the PI controller to determine the compensation value of
the traction energy.

Due to the reverse of the stator current, the mechanical motion equation of the rectifier controller
is represented as:

d (9 — 6n)

J dt

= Te_DP(é_én) —Tm, (7)

where the ] is the virtual moment of inertia, 6 is the angular frequency of the output control instruction
e, O is the rated angular frequency of the power grid, Tk is the virtual electromagnetic torque, Dp is
the P-f control coefficient of the controller and T, is the virtual mechanical torque.
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\
\
\
\
P-f control loopJ

1
- \
\
\
\
\

Lo Self-synchronization unit

Figure 8. Rectifier control strategy of the master controller.

The virtual mechanical torque Ty, of the rectifier controller can be expressed as:
Tm = (kpv + kiv%)(vset - Vdc)/ Vdc < Vi (8)

According to the P-f control loop, the grid frequency can be regulated as:
1 L
0= ]_S[DP(Qr_Q)+Te_Tm]r ©9)

where 6, is the reference value of the grid angular frequency. Hence, the frequency droop control can
be realized through the coefficient Dp, and the phase 6 of the voltage e can be controlled by the angular
frequency 0. The coefficient Dp can be defined as:

_AT
AO

Dp = , (10)

where AT is the torque variation and AG is the difference value between 0 and 6,. The greater is A6,
the greater is AT, which regulates the controller output frequency.

In this paper, before all switches of the converter are switched on, the control instruction is
supposed to be synchronized with the transformer primary side phase voltage vpg. As shown in
Figure 8, a PI control loop plus a virtual current control loop can form a self-synchronization unit.
The reference angle frequency 6,, generated by the PI controller, makes the difference between the
controller output angle frequency 6 and the reference value 0, gradually approach zero, thus keeping
the controller frequency consistent with the grid frequency. The reference angular frequency 6, can be
expressed as:

~ - 1
Or = bn — (kpf+kif§)AT (11)
During the self-synchronization, the current i is 0 and the controller cannot generate the virtual

electromagnetic torque Te. Consequently, the virtual current i; is fed into the Q-V control loop to
generate T, realizing the voltage synchronization. In this sense, the virtual current is expressed as:

) 1
Is = m(e — Upg), (12)

where L is the virtual inductance and R is the virtual resistance. Only when the virtual current is drops
to 0 can the converter be connected to the power grid.
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In the grid-connected rectification mode, the practical grid current i is used for control. It is
important to notice that the direction of the input grid current i in the rectifier controller is opposite to
the direction of the current i,y in Figure 8. The reference directions of Te, P and Q are consistent with
those in the inverter mode, for the sake of analysis.

2.2.3. Inverter Control

The inverter controller is shown in Figure 9, which is mainly composed of a P-f control loop, a
Q-V control loop and a self-synchronization unit. The inverter controller can not only feed RBE into
the grid, but also regulate the active power and the reactive power of the grid.

e e

unit(SU) |

P-f control loop
,,,,,,, j . j‘
Ls+R Voe ‘
i SU |

Amplitude v

\
detector n |
I
\

Figure 9. Inverter control strategy of the master controller.

The mechanical motion equation of the inverter controller is represented as:

d(6 - 6y)

= Tm — Dp(0 = 0p) — Te (13)

J
Similar to the rectifier controller, a DC bus voltage loop is introduced to determine the amount of
RBE. When the train brakes, the DC bus voltage V4. rises, Tr, is determined by the variation of the
Vdc. When Vg is in the threshold range and Tr, is determined by a set value Pget/wn. In this sense,
the virtual mechanical torque T, can be calculated as:
T — (kpv + kiv%) (Vdc - Vset)r Vdc >Vt (14)
" Boat Vit < Ve < Ve

wn /

Under regenerative braking of the train, the DC bus voltage V4. rises and RBE is fed back to the
AC grid accordingly. When the grid frequency changes, the inverter controller starts the P-f control
loop. When the grid voltage changes, the inverter controller starts the Q-V control loop.

3. Parameter Design of the System

3.1. System Capacity Design

To determine the system capacity, the traction calculation of the train operation and the DC bus
voltage should be carried out first. According to the traction power supply standard [31], the rated
line voltage of the AC side is 35 kV, the rated input voltage of the DC side is 1500 V and the output
frequency of the system is 50 Hz + 0.5%. For the sake of convenience, assume that the train is in AW2
full-loaded condition without mechanical braking and the traction power can be 100% converted to
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kinetic energy [32-35]; then, the traction calculation can be operated according to the parameters in
Table 1.

Table 1. Parameters of the traction calculation.

Parameter Value
Rated DC bus voltage V4. 1500 V
Distance between stations s 3800 m
Maximum speed of the train v 80 km/h
Maximum braking force of the train Z 320 kN
Weight of the train M 300 t
Alex number of the train n 24
Carriage number of the train N (4M2T) 6
Front area of the train A 10 m?

Piecewise linearizing the traction—velocity curve of the subway in [36], the function of the traction
T can be approximately expressed as:

370000, 0<v< 2
= 36 (15)
—234000 + 630000, 3% <v< 59

where the unit of the velocity v is m/s. Then, the so-called Davis equation [37] is applied to calculate
the resistance of the train during operation, which can be calculated as:

R=6.4XM+130 X714 0.14 X M x 0 + [0.046 + 0.0065 X (N —1)] X A x 0> (16)

Assuming that the train is running with the fastest traction strategy and brakes at maximum
braking force, the dynamic curves of the running can be obtained, as shown in Figure 10. In Figure 10,
the urban rail train starts to run at a variable acceleration at 0 s in the process of running between two
stations. After reaching the maximum running speed at about 25 s, the train runs at a uniform speed.
At 170 s, the train starts to brake with the maximum braking force until it stops. During the operation,
the maximum traction power is 3 MW and the maximum braking power is 5.5 MW.

100 4000

3500
80

3000

60

9
&
=
5l

Veocity (kn/h)
Distance (m)
w2
8
5

40
1500

1000
20

500

o

o 20 40 60 80 100 120 140 160 180 200 0

P 0 20 40 60 80 100 120 140 160 180 200
Time (s)

Time (s)
(a) (b)

Figure 10. Cont.



Energies 2020, 13, 4418 10 of 23

15 3000
2000
1
1000
-
£
E os z i
c =
o E
7 £
@ 3 .
2 . 3 -1000
8
3}
<
-2000
05
-3000
-1 -4000
0 20 40 60 80 100 120 140 160 180 200 0 20 40 B0 80 100 120 140 160 180 200
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@
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Figure 10. Traction calculation results of the train during running process: (a) speed—time
curve; (b) distance—-time curve; (c¢) acceleration—time curve; (d) current-time curve; and (e) active
power—time curve.

When a train runs between two stations, the starting station and the terminal station are each a
traction substation [4]. Establish two traction substations as two nodes, the train as an ideal current
source, the position of the train as a node and the DC traction network as a time-varying resistive
network. According to the Nodal voltage equation, the voltage for two traction substations can be
obtained, as shown in Figure 11. In Figure 11, we can see that the peak value of the traction network
voltage is 1620 V; the voltage variation accounts for 8% of the rated voltage.

1620

—— Substation 1
1615 — Substation 2
1610
1605

Voltage (V'
2
on

20 40 60 8O 100 120 140 160 180 200
Time (s)

Figure 11. Traction network voltage of two traction substations [38].



Energies 2020, 13, 4418 11 of 23

On the basis of above traction calculation results, the capacity of the synchronverter-based RBE
system of urban rail transit is designed to be 10 MVA, the maximum variation of traction network
voltage is 150 V and a traction network voltage variation of 120 V corresponds to an active power
variation of 6 MW.

3.2. Parameter Design of the Master Controller

Taking the case of the inverter controller, the parameters of the controller can be designed based
on above traction calculation results. The voltage fluctuation of the traction network does not exceed
10%, the frequency fluctuation of the grid does not exceed 0.5% and the voltage fluctuation of the grid
does not exceed 10%.

3.2.1. Parameter Design of the P-f Control Loop

Firstly, the small signal model of the P-f control loop in Figure 9 is established as follows:

T = Timo + Tm

Te:TeO+Te

W =wn+ao (17)
6 =10n+0

PZPo-i-p

where 0 is the phase difference between the converter output voltage and the grid voltage. At the
steady state, the phase of the AC side voltage is approximately equal to that of the grid voltage,
thus sin 5y = 0g. Ignoring the secondary disturbance term [39,40], the small signal expression can be
represented as:

]il_? = 7\ﬂm_j\ﬂe_DPd) (18)
b _

T oy

A 0 -

p = 25888

where E is the steady-state value of the controller output voltage e and X is the total impedance of the
AC side of the converter. Using the Laplace transformation, the closed-loop transfer function of the P-f
control loop can be obtained:

G (S) B p . 3E0Vpg B CunZ
T P JXwns? + DpXawns +3EVpg 52 + 2Lwns + wn?

(19)

The natural oscillation angular frequency ws and the damping ratio C can be calculated as:

3EoVpg
Ws = \ Txwn
(D [aX (20)
= 2\ 3EVpg

When the natural oscillation angular frequency ws is 150 rad/s, the damping ratio C is 1 and
the impedance X is 0.005, the moment of inertia | can be 16. The P-f droop coefficient Dp can be

calculated as:
AT AP

A0 2nfa2nAf
For the P-f control loop, a 0.5% change in the grid frequency corresponds to a 100% change in the

Dp = - (21)

active power.
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3.2.2. Parameter Design of the DC Bus Voltage Control Loop

The active power of the DC side can be approximately equal to the active power of the AC side
when the effect of the parasitic resistance of the converter is ignored. In this sense, the synchronverter
output active power P can be calculated as:

Vac dVac

P = Vdc(R— + Cdc T
eq

), (22)

where Req is the equivalent resistance of the AC side and Cg. is the filter capacitance of the DC side.
The small signal expression of the output active power P is represented as:
ZVdC

. dVgq
P:Vch(R_+Cdc dtc)
€q

(23)

Using the Laplace transformation, combined with the P-f control loop transfer function, the transfer
function of the DC bus voltage control loop can be obtained:

a)nRe k,‘ k
Go(s) = (kp + ki)a)na)s2Req _ 2Vdjo (k_ri)s +1) (24)
v 5(52+2Cwss+a)52)VdC0(ReqCS+2) S[(%)2+2c(i +1](Re_2‘1(35_~_1)

From Equation (24), we can see that the amplitude—frequency characteristic curve of the DC bus
voltage control loop transfer function has three transition frequencies: 2/ReqC, ki/kp and ws. Based on
above parameter design, we can determine that 2/ReqC is less than 1 and ki/kp, the reciprocal of the
integration time, is generally greater than 1. In this sense, the bode plot of the DC bus voltage loop
transfer function [41] can be obtained, as depicted in Figure 12.

201gA(w)/IgBk A
ZOlg(w;Ve“ ) \I-ZOdB/dec

dc0

-40dB/dec

-20dB/dec

2 LA N 0N aT/(rad/ s)
R, k, -60dB/dec

Figure 12. The amplitude—frequency characteristic curve of the DC bus voltage control loop

a

transfer function.

The cut-off frequency w. is the angular frequency corresponding to the intersection point of the
curve and the 0dB line, as shown in Figure 12, which means ki/kp < w. < ws. At the point of the cut-off
frequency w., A(w) is 1. Moreover, assuming ki/k, is r, the PI control parameters of the DC bus voltage
loop are calculated as:

4 .
Vdcowe \/((UszJr % _Za’cz+4czwc2)(4+Req2Cdc2wc2)

k' _ an

! wswnReq Vr2+1 ’ (25)
k. — Kt
b =

We

where V49 is 1500 V, wp, is 1007t and @, is less than twice of the power frequency [19]. If w. is 1007, ws
is 150 rad/s, Cis 1 and r is 4, k;, can be 50 and k; can be 720.
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3.2.3. Parameter Design of the Q-V Control Loop

For the Q-V control loop, a 0.5% change in the grid phase voltage amplitude corresponds to a 100%
change in the reactive power. According to the reactive power compensation demand, the maximum
reactive power variation AQ of the system is 6 MW. The Q-V droop coefficient D is:

Dq = %, (26)

where AV is the variation of the primary side phase voltage Vpgm of the transformer, which is selected
to be less than 10% of the Vpgm. In addition, the gain K is calculated as:

K = wnDq7y, 27)

where 7y is the time constant of the Q-V control. The response speed of the system voltage inner loop
control circuit is related to the gain K. The smaller is K, the faster is the response speed of the system.

4. Results and Discussion

4.1. Simulation Results

Based on the simulation model, the dynamic response of the RBE feedback system under grid
normal and abnormal conditions were verified, with the parameters shown in Table 2.

Table 2. Parameters of the simulation.

Parameter Value Parameter Value Parameter Value
Cyc 40 uF Ryc 0.03 0 Ls 0.02 mH
Lg 0.015mH Rs 0.005 Q) Rg 0.004 O
C 127 uF Re 1000 O R 0.002 O
L 0.002mH Dp 1.62 x 10* Dqg 9.8 x 10*
] 16.21 K 6.16 x 10° kot 5x107°
kit 5x107° kpy 50 kiy 650
Vat 1550 V fut 50.05 Hz fie 4995 Hz
Dut 36 kV o 34KV 78 1200 V
Ry, 0.03 Q) Lg 0.015 mH Rg 0.004 O
Ly 0.1 mH Ch 68 uF kpv 100
Kiy 1200 kpi 1 K 120

4.1.1. Simulation under Grid Normal Condition

In the islanded mode, the system is in self-synchronization. The circuit breaker is switched on at
2 s. The system output frequency f, output active power P and output reactive power Q are shown in
Figure 13.

o
e

» Grid-connection =

Self-synchronization

2]
o
o
a

Frequency (Hz)
3

B
©
©
o

e
©
w©

0.5 1 15 2 2.5 3
Time (s)

(@)

Figure 13. Cont.
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Figure 13. The output frequency, output active power and output reactive power of the system
in islanded mode and grid-connected mode: (a) output frequency f; (b) output active power P;
and (c) output reactive power Q.

At the time of grid connection, the variation of the output frequency f, output active power P and
output reactive power Q are all far less than the rated value, as shown in Figure 13, having little impact
on the grid. Moreover, the regulation speed of the system is less than 0.1s, and the output frequency f,
active power P and reactive power Q are all restored in 0.1 s. The phase voltage v, and phase current i,
of the AC side with harmonic analysis are shown in Figure 14. As shown in Figure 14a,b, the output
AC side phase voltage basically remains unchanged at 2 s, and the rms value of output AC side phase
current rises from 0 to 85 A, far less than the rated primary side phase current of the transformer
(7697.8A), which shows the smooth grid-connection of the system. As shown in Figure 14c,d, the total
THD of the voltage injected into the AC grid is 0.03% and the total THD of the current is 1.14%, both less
than 5%, which meets the GB/T 14549-1993 public power grid harmonic standard.
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Figure 14. Cont.
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(c) (d)

Figure 14. Simulation results of the AC side voltage and the current in the self-synchronization: (a) the
output a-phase voltage v,; (b) the output a-phase current i,; (¢) harmonic analysis result of the output
a-phase voltage v,; and (d) harmonic analysis result of the output a-phase current i,.

Simulation conditions in grid-connected mode:

e  Self-synchronization: The system starts to make self-synchronization with the grid at 0 s.

e  Traction: The train accelerates at 3 s, and the traction network voltage drops to 1380 V.

e RBE feedback: The train starts to brake at 9 s, and the traction network rises to 1620 V.

e -V control: Grid line voltage rms value drops to 33.25 kV at 15 s and rises to 35 kV at 18 s.
e  P-f control: The grid frequency rises to 50.05 Hz at 21 s.

As shown in Figure 15, the train accelerates at 3 s, the DC bus voltage drops and the controller
works in the traction mode, thus the traction network voltage is restored to 1500 V in 3 s. Then, the train
brakes at 9 s, the traction network voltage rises and the system works in the RBE feedback mode, thus
the traction network voltage is restored to 1500 V again in 3 s. As shown in Figure 16, when the train
accelerates, the grid supplies 6 MW traction energy for the traction network. When the train is under
regenerative braking at 9 s, the DC traction network feeds 6 MW RBE back to the AC grid. When the
amplitude of the grid line voltage drops by 5% at 15 s, the output reactive power rises by 50%, that is
the reactive power needed of the AC grid is compensated by the DC side. When the grid line voltage
rises to 35 kV at 18 s, the output reactive power drops 3 Mvar accordingly. When the grid frequency
rises by 0.1% at 21 s, the system frequency is synchronized to 50.05 Hz in a few seconds and the output
active power rises by 20%, which means the excess active power of the AC grid is transmitted to the
DC side. In this way, the power of the grid can be regulated.

1650 I
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@
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o
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6
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Figure 15. The DC bus voltage of the system.
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Figure 16. The system outputs under grid normal condition: (a) the grid frequency f; and the system

output frequency f; (b) the system output active power P; and (c) the system output reactive power Q.

Simulation condition of the energy storage module in the islanded mode:

e Charging mode: The traction network voltage rises to 1620 V at 1 s.

e Discharging mode: The traction network voltage drops to 1380 V at 3 s.

As shown in Figure 17, the traction network voltage rises to 1620 V at 1 s; the storage module
works in the charging mode, absorbing 6 MW active power; and the traction network voltage is
restored to 1500 V after fluctuation. Then, the traction network voltage drops at 3 s; the storage module
works in the discharging mode, releasing 6 MW active power; and the traction network voltage is
restored to 1500 V after fluctuation.
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Figure 17. Dynamic response of the energy storage module to variation of the DC bus voltage: (a) the
DC bus voltage; and (b) the active power of the module.

Simulation condition of the energy storage module in the grid-connection mode:

e  Self-synchronization mode: The system starts to make self-synchronization at 0 s.
e  Grid-connection mode: The system is connected to the grid at 2 s.
e  P-f control: The grid frequency rises to 50.05 Hz at 3 s.

As shown in Figure 18, at 3 s, as the grid frequency f rises, the system frequency f synchronously
rises to 50.05 Hz. Accordingly, the output active power P drops to —1.6 MW, which means the excess
energy of the AC grid is transmitted to the DC side, and the storage module works in the charging
mode, absorbing 1.6 MW active power transmitted from the AC side.

Self-synchronizati | S | P-f control
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Figure 18. Cont.



Energies 2020, 13, 4418 18 of 23

SRS T Grid- :
g6 Self-synchronization e U5 et P-feontrol +——
gra - | connection |
= \ | |
= P
= 187 / \ |—p, | |
4 [ ! [ |
3 / K |
8. OF ~ / E ?, A
o ; / '
= - | |
5 -16 /
< | |
32 | l |
0 1 2 3 4 5 6
Ottt Time (s)

Figure 18. Dynamic response of the energy storage module to variation of the grid frequency: (a) the
grid frequency f¢ and the system output frequency f; and (b) the energy storage module active power
Py, and the system output active power P.

The simulation results of the energy storage module show that, when the system is off the grid,
the energy storage module can absorb RBE of the DC traction network as an auxiliary module and feed
it back to the DC traction network when necessary. Moreover, when the system is connected to the
grid, the energy storage module can provide the energy needed for active/reactive power regulation of
the grid, without affecting the stability of the DC bus voltage.

4.1.2. Simulation under Grid Faults

Simulation conditions:

e  The converter is connected to the power grid at 1 s.
e  The grid line voltage drops by 50% at 2 s and restores at 2.1 s.
e  The grid frequency drops by 1% at 3 s and restores at 3.1 s.

As shown in Figure 19, when the grid frequency plummets at 2 s, the system frequency drops
accordingly. When the grid frequency restores at 2.1 s, the system frequency is restored quickly.
The output voltage of the system drops slightly when the grid voltage plummets at 3 s and restores
quickly after the grid fault is cleared, which shows a great fault ride-through capability of the system.
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Figure 19. Dynamic response of the system to grid faults: (a) the reference frequency f, and the system

output frequency f; and (b) the rms value of the system a-phase output voltage V, and the rms value of
the grid voltage Vpga.

Based on above simulation results, when the train is in traction mode, the system can transmit
the corresponding amount of traction energy to the DC traction network to compensate the traction
network energy, according to the variation of DC bus voltage. When the train is braking, RBE of the
train is fed back to the AC grid. In addition, the above results also show that the system has a good
grid power regulation capability and fault ride-through capability.

4.2. Experimental Results

Due to the restricted experimental laboratory conditions, the system function was verified by a
scaled-down prototype. As shown in Figure 20, the system model prototype is composed of a power
supply, a DSP module, a drive circuit, a sampling circuit and a main power circuit. The DC side voltage
of the model is 140 V, and the rated phase voltage of the AC side is 50 V.

Figure 20. The experimental model of the synchronverter-based RBE feedback system.

As shown in Figure 21a, when the DC bus voltage V4. rises by 14 V, the system works in the RBE
feedback mode. The AC side voltage V. is nearly constant, with the rms value of 50 V. The AC side
current iy rises to 1.5 A, which means the DC side feeds 225 W RBE back to the AC side. As shown in
Figure 21b, when the system works in the rectifier mode, the AC side voltage V1, is nearly constant,
with the rms value of 50 V, and the AC side current i, rises to 1.4 A. The phase difference between the

current i; and the voltage v, is 180°, which means the AC side feeds 212 W traction energy into the
DC side.
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Figure 21. The results of the system bi-directional flow experiment: (a) the phase voltage and the phase
current of the AC side in the inverter feedback mode; and (b) the phase voltage and the phase current
of the AC side in the traction mode.

Due to the limitation of the experimental conditions, the frequency and amplitude of the grid
cannot be suddenly changed. In this sense, the compensation ability of the system for the active
power and reactive power of the grid was verified by giving the active power and reactive power
compensation instructions in the DSP program. As shown in Figure 22a, when the system is given
450 W active power, the rms value of the a-phase voltage v, of the AC side remains constant and the
rms value of the a-phase current i, rises to 2.9 A, with a power factor of 0.95. The system feeds 413.3 W
active power into the grid, which is close to the given value. As shown in Figure 22b, when the system
is given 450 Var reactive power, the rms value of the phase voltage v, of the AC side remains constant
and the rms value of the phase current i, rises to 3.1 A, with a power factor of 0.06. The system feeds
437.1 Var reactive power into the power grid, which is close to the given value.

+ +

v (50 V/div) v (50 V/div)

VARAAZL LA
VYNV V., W

i (5 Aldiv) i (5 A/div)
Time (s)/10 ms/div Time (s)/10 ms/div
(a) (b)

Figure 22. System dynamic response: (a) a-phase voltage and a-phase current of the AC side in active
power compensation mode; and (b) a-phase voltage and a-phase current of the AC side in reactive
power compensation mode.

In summary, the experimental results are consistent with the theoretical analysis done and the
simulation results, showing the good dynamic performance of the system.
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5. Conclusions

To improve the utilization of RBE of the train, a synchronverter-based RBE feedback system of
urban rail transit is designed in this paper. The structure of the system is presented first, and then the
control strategy is fully discussed. The synchronverter-based control proposed in this paper offers
a more flexible and stable approach to give RBE back to the AC grid. Moreover, the capacity of the
system is designed according to the traction calculation and the parameters of the system are analyzed
in detail. The simulation and experimental results are both provided to verify the good dynamic
performance of the system under grid normal condition and grid faults.

By using the synchronverter-based approach, the system supplies traction power to traction
network when the train accelerates and feeds RBE back into the AC grid when the train brakes, in light
of the variation of the DC bus voltage, thus keeping the DC traction network constant. Moreover, the
system can be self-synchronized with the grid and make corresponding response according to the
variation of the grid voltage or the variation of the grid frequency. In this sense, the grid power can
be easily regulated and safeguarded by the system. Furthermore, the system dynamic performance
under grid faults also shows a good fault ride-through capability of the system. In addition, with
the help of the energy storage module, the system is able to operate in both islanded mode and
grid-connection mode.

Consequently, by using the proposed synchronverter-based approach, the RBE feedback system
becomes more flexible, effective and robust.

The calculation accuracy of the traction energy and RBE will be improved in future work, along
with the impact of inductive load of lines.
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