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Abstract: Back-to-back converter based railway traction power supply system (TPSS) can eliminate neutral sections in the traction
side and improve power quality in the grid side, but it still has some drawbacks such as low reliability, difficulty in accepting large-
capacity renewable energy, and power mismatches. In this paper, a double-layer DC/AC TPSS with renewable integration is
proposed to address these challenges and to improve system performance. The proposed topology breaks the limit of back-to-
back structure and enables more flexible free energy flow. A top-down system design method is proposed in this paper. Firstly,
the characteristics of the proposed TPSS for integration with renewable power are described and compared with the traditional
back-to-back topology. Secondly, a DC droop controller and a AC droop controller are designed for DC layer grid and AC layer
grid respectively to control the power flow in each layer. The traditional AC droop control is based on the inductive transmission
impedance, but the resistance of traction transmission line cannot be ignored. Thus a modified droop control strategy with the
consideration of line resistance is also proposed in this paper. Subsequently, the voltage control strategy for the single MMC
converter is designed to track the reference signal from the upper droop controller. Finally, a general double-layer DC/AC TPSS is
designed from bottom to top, and the simulation results confirm that the proposed TPSS with renewable integration is capable of

delivering desirable performance.

1 Introduction

Compared with traditional diesel locomotives, modern electric loco-
motives have the advantages of low noise, low environmental pol-
lution, and high efficiency [1]. The traction power supply system
(TPSS) provides energy for the operation of electrified railway,
and the power quality of TPSS is directly related to the safety,
reliability and economy of the whole railway system [1, 2]. The
electrified railway adopts the single-phase AC power supply sys-
tem. The traction substation obtains the electric energy from the
three-phase public grid, and through the transformer, the three-phase
voltage is transformed into two separate single-phase AC voltages
to feed the traction networks [3]. In the traditional TPSS, there
are two main drawbacks: i) neutral sections in the traction side.
The current TPSS adopts a sectionalized power supply mode. Dif-
ferent sections are supplied by different phases of the power grid,
resulting in inconsistent voltage phase between adjacent sections.
Therefore, neutral sections are essential, yet the electrical dead zone
in neutral sections will inevitably bring speed loss, electric shock
and other adverse effects [4]. ii) power quality in the grid side.
Since the TPSS is directly connected to the public power grid, the
varying traction loads will introduce power quality issues such as
the negative-sequence current, reactive power and harmonics, which
seriously affect the power quality of the public grid and limits the
further development of traction capacity [1].

With the development of modern power electronics technology,
it is possible to use advanced power electronics to solve the issues
in the existing TPSS [5]. In the literature, a number of researches
have been conducted to utilize the power electronics technology to
improve the performance of TPSS. In [3], the negative sequence cur-
rent in transformer based TPSS is analyzed, and a railway power
conditioner (RPC) is proposed to suppress the unbalanced current. A
single-phase back-to-back active power compensator (APC) is pro-
posed in [6]. In this topology, the two outputs of the transformer
are connected by APC for active power balance, reactive power
compensation, and harmonics suppression. Two parallel APCs have
been successfully applied in an actual 10 MVA/27.5 kV co-phase
system in Meishan substation, Chengdu, China [7]. Since the APC

based co-phase system has the ability of active power balance and
reactive power compensation, the conventional transformer based
dual-branch power supply topology can be replaced by one-branch
scheme, and the neutral section at the substation can be eliminated.
In order to reduce the operating voltage, a hybrid power quality con-
ditioner (HPQC) with a LC branch is proposed in [8]. Compared to
the APC scheme, its DC voltage is reduced by around 20%. In [9],
optimal parameter design of HPQC is presented, and the detailed
mathematical derivation is also presented.

The utilization of power electronics in TPSS improves the per-
formance of the traditional TPSS to some extent, but it cannot
completely solve the existing problems. Since the supply voltage
comes from the transformer and cannot be controlled, the neutral
section between substations is still required. Therefore, full power
electronics based power supply systems have been proposed. In [2],
an advanced co-phase TPSS is proposed in which three-phase to
single-phase back-to-back converters are used. Different from trans-
former based TPSS, back-to-back converters based TPSS can control
the phase angle of the output voltage, so that multiple split power
supply sections can be connected together, and neutral sections can
be eliminated. In [10], a novel back-to-back topology based on mul-
tiple converters is proposed and applied in TPSS, it can meet the
high power demand of the traction system. A novel TPSS based
on modular multilevel converters (MMC) is proposed in [4], both
the mathematical model and control strategy of the MMC converter
are presented. The above researches mainly focus on the mod-
elling and control of a single power electronic converter. There is
a lack of system-level operation study on the full power electronics
based TPSS. In [4], the conventional AC droop control scheme is
directly applied to single-phase inverters without the consideration
of transmission line impedance. A modified droop control strategy
is proposed for railway auxiliary power supply system in [11], but
the topology of auxiliary system is different from the full power
electronics based TPSS.

While more power electronics are used in the railway systems,
the worldwide energy system is also experiencing substantial land-
scape change due to significant penetration of renewable generations
[12—14]. The forecasting and control of renewable generation have



made significant progress in recent years [15, 16]. The new devel-
opments in both renewable energies and electrified railways have
bought new opportunities and challenges. Different configurations
to integrate renewable energies into TPSS are compared in terms of
control performance and economic benefits in [17]. In [18], a single-
phase back-to-back PV generation system and associated control
scheme are proposed. In this topology, the back-to-back converter
can transfer PV energy to the traction network and dynamically
adjust its output current according to the real-time traction loads, so
as to achieve active power balance and reactive power compensation.

The power electronic converter controls the energy conversion in
TPSS. Compared with the traditional two-level or three-level voltage
source converter (VSC), the modular multilevel converter (MMC)
has the characteristics of multilevel voltage output, flexible voltage
level control, low harmonic content, and low switching loss [19].
MMC has been widely studied and applied in the field of HVDC
transmission and the conversion of high-voltage energy [20], and
shows a promising prospect in the future TPSS [21]. A railway trac-
tion power conditioner (RTPC) based on MMC is proposed to reduce
three-phase unbalance for the high-speed railway system [22]. Sim-
ilarly, a multilevel railway power conditioner (RPC) is proposed in
[23], and a sliding mode current controller is also designed. In recent
years, many MMC based RPCs have been proposed for power bal-
ancing. In Ref. [24], RPCs with different topologies are compared
for an optimal selection. In addition to the back-to-back converter,
a direct single-phase AC/AC modular multilevel converter, in which
full bridge submodule is used, is also developed to solve the issues
caused by unbalanced traction loads [25]. For the 16.7Hz railway
system in Germany, a direct three-phase to single-phase AC/AC
MMC scheme is proposed [26].

In this paper, a double-layer DC/AC TPSS is proposed to allow
better integration of renewable power, and the control scheme of
system operation is designed to improve the system performance.
The remainder of this paper is organized as follows. The topology
and renewable integration of the proposed system are presented and
compared with the back-to-back scheme in Section II. A DC droop
controller and a modified AC droop controller are designed for the
DC layer and AC layer respectively in Section III. The mathemati-
cal model and control scheme of the MMC rectifier and inverter are
derived in Section IV. A general double-layer DC/AC TPSS is estab-
lished in Section V, and the system control strategy is verified by
simulation results. Finally, Section VI concludes the paper.

2 Double-layer DC/AC TPSS with Renewable
Integration

The purpose of this paper is to build and operate a full converter
based TPSS, including system topology analysis, renewable integra-
tion, system control and converter control. With the emergence of
high-power converters and the development of modern control tech-
nology, the concept of full power electronics based TPSS has been
proposed in recent years [2, 4, 10]. Fig. 1(a) shows a typical back-
to-back converter based TPSS topology proposed in [2, 10]. In this
topology, each back-to-back converter acts as a separate unit, and
all back-to-back units are connected in parallel between the public
grid and traction network. Compared with the traditional transformer
based TPSS, this is a more ideal traction power supply system, and
the main advantages of back-to-back topology can be summarized
as follows:

e Eliminate neutral sections and share energy on the traction side.
Since both the amplitude and phase angle of the inverter output volt-
age can be fully controlled, all neutral sections can be removed.
The traction load is powered by multiple parallel back-to-back units,
leading to energy sharing and capacity reduction.

e Reduce power pollution and improve power quality on the grid
side. Due to the decoupling effect of DC bus, only the active power
will be transferred to the MMC rectifiers, so the injected currents can
be balanced, reducing the negative consequences of reactive power,
negative-sequence current and harmonics. On the other hand, an
extra current can be generated to eliminate the original harmonics
in the public grid, thus improving power quality.
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Fig. 1: Full power electronics based TPSS with renewable integra-
tion. (a) Back-to-back topology. (b) Double-layer DC/AC topology.

e Integrate renewable energy. The existence of DC bus in back-to-
back converter enables renewable integration. Fig. 1(a) shows the
integration of photovoltaic and wind energy. The back-to-back con-
verter works as the grid-connected circuit of renewable generation,
so that the cost of renewable generation is reduced.

As elaborated earlier, the concept of back-to-back converter based
TPSS can effectively solve the existing problems in the traditional
transformer based TPSS. However, it also has its own disadvantages:

e Low reliability. Due to the physical constraint of back-to-back
structure, each rectifier works with an inverter as a back-to-back unit.
When either the rectifier or the inverter fails, the other in this unit will
also fail.

e Limits on accepting large scale renewable power. The allowable
capacity of renewable generation depends on the maximum power of
the back-to-back unit, which limits the integration of large-capacity
renewable energy in traction system.

e Power mismatches. In power electronic based TPSS, the grid-
connected rectifier is a three-phase converter, while the traction-
connected inverter is a single-phase converter. Therefore, if these
converters adopt the same IGBT submodules, the rated rectifier
power would be around 1.5 times of the rated inverter power.
Besides, the introduction of renewable energy will further aggravate
power mismatches, resulting in the waste of converter capacity, thus
increasing the investment costs.



In [4], a power supply structure with a DC bus is briefly intro-
duced, which consists of a rectifier and several inverters in the
common bus. However, it primarily focuses on the development
of control strategy for a single converter, the whole system opera-
tion performance is not considered, and the issues in back-to-back
topology is not analyzed systematically. In order to overcome the
drawbacks of back-to-back topology, a double-layer DC/AC TPSS
topology with renewable integration is proposed in this paper, as
shown in Fig. 1(b). This topology is composed of both a DC layer
and a AC layer. The number and location of the converters in each
layer is flexible, and free from the limits of back-to-back struc-
ture. Compared with back-to-back topology, it has the following
distinctive features:

e The benefits of back-to-back topology are retained. Both on the
traction side and grid side, converters are still the interface for energy
conversion. Therefore, the advantages brought by power electronics,
such as neutral section elimination and power quality improvement,
are preserved.

e Substation fault ride though ability is enhanced. All converters are
connected to the DC-layer network, and the energy can flow freely
in the DC network. Different converters can share energy and sup-
port each other, so even if a converter fails, the others can still work
without being affected.

e Large-capacity renewable energy can be effectively integrated.
The energy in the DC grid can be shared by multiple converters. So
the capacity required for renewable integration can be easily shared
by all converters in this DC network.

e Power distribution can be optimized. The configuration of double-
layer TPSS is very flexible without the spatial limit of back-to-back
structure. The number and location of the rectifiers can be re-
designed by optimization methods based on the actual situations.
In addition, the characteristics of renewable generations can also be
considered in the optimization process to mitigate potential negative
effects.

The proposed structure has many merits but also brings forward
some challenges, including:
e Economically, the newly introduced DC layer grid will inevitably
increase the construction cost, thus the economic optimization needs
to be considered in the early planning stage.
e Technically, the DC-layer grid not only provides more channels
for power flow, but also leads to harmonic interference. Besides, DC
protection, especially for short circuit faults in large-scale networks,
should also be considered in the future works.

The main purpose of this paper is to present a new double-layer
traction power supply topology and its overall control scheme, from
single MMC control to parallel power sharing control, and to verify
the feasibility, especially for renewable integration and substation
fault ride through.

3  Droop Control

Compared with the sectionalized power supply mode in conventional
transformer based TPSS, the proposed double-layer TPSS adopts
interconnected power supply mode. All MMC rectifiers are con-
nected in parallel to form the DC-layer grid, and MMC inverters
are also connected in parallel to power traction loads. Energy flow
control in DC-layer and AC-layer grid is the foundation of system
operation. Droop control can achieve the purpose of power distri-
bution even without communication, and the power supply system
based on droop control shows high reliability [27]. Therefore, droop
control is adopted to realize the primary control of energy flow in
both DC-layer and AC-layer grid.

3.1 DC Droop Control

In the DC-layer grid, the bus voltage is the result of parallel rectifier
operation. The energy flow for each rectifier can be controlled by
adjusting its output voltage. A typical schematic diagram of power

transmission is shown in Fig. 2, where Up ¢ is the output voltage of
i-th AC-DC converter, R; is the line resistance from the converter to
the load, P; is the transmitted power, and Vp g is the load voltage
as a reference voltage. The relationship between these variables can
be easily obtained as

Upci — Vb
P, = UDCZ,% ) 1
3
|:'> <:| U
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Fig. 2: Schematic diagram of power transmission in DC-layer grid

The only controllable variable that can be used to change the
power is the output voltage. The relationship between voltage
variation and power variation can be derived as

Ap— Ay P dP _ Au Vbco 2Upco — Vbeo)

i R ;@

Upco

where Au = AU /Vpco, Upco is the output voltage at the cur-
rent moment. Considering that power changes are mainly caused by
voltage changes and ignoring the slight difference between converter
output voltage and load voltage, the above equation can be simplified
to

Vbco®
AP ~ i Au. 3)

It can be seen that power increment is proportional to voltage
increment. In order to achieve a rational energy flow, the reference
voltage of a parallel converter can be obtained by (4). The relation-
ship between the reference voltage and the feedback power is shown
in Fig. 3. When the output power of a converter keeps increasing, its
output voltage will be adjusted downward which would slow down
power growth rate and stabilize it within the rated power range.
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Fig. 3: DC droop curve

The internal control of a AC-DC converter consists of voltage
and current loop control. So the general realization of droop control
in the DC-layer grid is: droop control is introduced as an external
controller to provide a reference DC voltage, and then the refer-
ence signal will be tracked by the double closed-loop controller. The
specific control block diagram is shown in Fig. 4.
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Fig. 4: Block diagram of overall DC droop control

3.2 Conventional AC Droop Control

Conventional AC droop control realizes the parallel operation of
distributed generations by emulating droop characteristics of a syn-
chronous generator. The realization of AC droop control is similar to
DC droop control. The difference is that both the voltage amplitude
and phase need to be controlled. The traditional droop control for a
converter is give by

fffo=fw(PfPo):fkp(PfPo), (5a)
U*UO:*%(Q*QO):*%(Q*QO), (5b)

where f and ug are the rated frequency and voltage, Py and Qg are
the rated active and reactive power, Ppin, Qmin and Pmax, Qmax
are lower and upper limits of active and reactive power, and fy,;,, and
fmax are the minimum and maximum allowable frequency. Accord-
ing to equation (5), the block diagram of conventional AC droop
control is shown in Fig. 5.

U —pp| > | P ) \‘g) f »
ower | —+—> | . N
. Caleulation | @~ [ 50 ] u usin([27.f ) u

Fig. 5: Conventional AC droop control scheme

The traditional droop control is derived when the line inductive
reactance is much greater than the line resistance. This assumption of
a mainly inductive line impedance is suitable for high-voltage trans-
mission applications [28]. However, for the medium-voltage traction
power supply systems, the ratio of resistance to reactance, in dif-
ferent situations and under different load current conditions, ranges
from 0.39 to 1.42 [29-31], meaning that line resistance cannot be
ignored. Thus a modified droop control scheme with the consider-
ation of line resistance is required for parallel operation in traction
power supply systems.

3.3 Modified AC Droop Control for TPSS

In AC traction system, the line resistance can not be neglected, so the
single input single output (SISO) relationship of P-f and Q-u is no
longer valid. Different variables are coupled with each other, form-
ing a multiple input multiple output (MIMO) control system. In AC
TPSS, the equivalent power transmission diagram is shown in Fig. 6,
where V4o is the load voltage as a reference value, U 4; £6; is the
output voltage of ¢-th converter, R; 4 j.X; is the line impedance and
can be written as Z;Z6;. The transmitted active and reactive power
can be obtained as:

U .

P = W (UR — VORCOS(S + VOX S (5) ) (63)
U .

Q— W(UX-VORSIH&-VOXCOS&). (6b)

It can be seen that active and reactive power are related to both the
voltage amplitude and phase angle. So the power increment can be

B+iQ b+,

U, 40, R VicoZ0 — U249,
—J —J
R+ jX, R, + jX,

Fig. 6: Schematic diagram of power transmission in AC-layer grid

derived by the increment of amplitude and phase angle, as shown in
(7a) and (7b), where Uy Zdg is the output voltage at current moment.

AP = AUai + Ad aj (7a)
ou Uo,d0 99 Uo,d0

AQ=au22| L As9 (7b)
ou Uo,d0 96 Uo,d0

From the above equations, the expression of active and reactive
power variation can be derived,

)

AP = Aum (2UgR — Vo R cos &g + Vo X sin &) s
U[) .
+A%§I§30M%m%+%XWM@7
AQ:thQTQ%X—%Rm%—%XwﬁM
RJX (8b)
o .
+ A(SW (—=VoRcos dg + Vo X sindp) .

where Au = AU /Vj. It is worth noting that, since both the resis-
tance and inductance are approximately proportional to the length of
transmission line, the impedance angle 6 can be considered to remain
constant during the train movement. Ignore the slight difference
between Uy Zdg and VZ0, (8) can be simplified as

_ Vo? .
AP = W (AUCOS@+A6$1H9), (9a)
Vo? .
AQ = ——— (Ausinf — Adcos0). 9b
Q= s ( ) (9b)

It is evident that both the voltage amplitude and phase angle have
effects on active power and reactive power, and the line impedance
angle represents the weight coefficient. This is to say, the coupling
between the output voltage and power is related by the impedance
angle. The coupling relationships between power variation and volt-
age variation when § = 5 and 6 = % are compared in Fig. 7.
The SISO relationship when 6 =~ % is illustrated in Fig. 7(a) and
Fig. 7(b). However, in AC TPSS, the line resistance can not be
ignored, so the coupling effect should be considered. According
to (9), a modified droop control scheme with the consideration of
impedance phase angle is proposed as

(u—ug)cost + (f — fo)sin® = —kp (P — Py), (10a)
(u—wup)sing — (f — fo) cos 6 = —kq (Q — Qo) - (10b)

For the convenience of implementation, the above equation is
transformed, and the reference voltage can be calculated by (11).

f— fo=—kpsind (P — Py) + kqcos 0 (Q — Qo) (11a)
u—ug = —kpcosf (P — Py) — kqsind (Q — Qo) (11b)

The impedance phase angle represents the weight of active power
and reactive power. When 6 = %, equation (11) can be simplified to
the conventional droop control.
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Fig. 7: The coupling relationship between power variation and volt-
age variation with different line impedance angles. (a) Active power
when 6 = 7. (b) Reactive power when 6 = 7. (c) Active power

when 0§ = 7. (d) Reactive power when 6 = 7.

4 MMC Control

The control of an individual MMC needs to consider a number of
aspects, such as output voltage and current tracking performance
[32], internal circulating current suppression [33], capacitor volt-
age fluctuations [34], admittance modelling [35], and short-circuit
current protection [36], etc. Since this paper aims to develop the
proposed TPSS to address renewable integration and substation fault
ride through, therefore the MMC output voltage control and internal
circulating current control are the main focus in this paper. Note that,
if it comes to the protection system design and quantitative stability
analysis, then the circuit current [36, 37] and admittance modelling
[35, 38] of MMC should also be considered.

4.1  MMC Rectifier Control

Fig. 8 shows the topology of three-phase MMC rectifier, which is
composed of six bridge arms. Each arm consists of several submod-
ules (SM), an arm inductor Lo and an equivalent resistor Rg, and
the overall arm impedance is denoted as Zg. Similarly, the grid-
connected impedance is denoted as Zg, which consists of Ly and
Ry.
The output voltage of each submodule is zero or capacitor voltage
uc, SO the available voltage for each arm is 0-Nu.. The KVL equa-
tions for the positive arm and negative arm of each phase are derived
as follows:

Ugj + Zgigj + Up; + Zo’ipj = 0.5uge, (12a)
Ugj + Zgigj — Upj — Z()inj = —0.5ug,, (12b)

where Zg = Ry + sLg (s is the differential operator); Zg = Rg +
5L, ugc is the DC output voltage; u; is the grid voltage of phase j
(J = a, b, 0); upj, un; are the output voltage of positive arm and the
negative arm of phase j (j = a, b, ¢); ipj, in; are the arm currents;
their positive direction is defined as shown in Fig. 8.

According to KCL, ig; = ip; — inj (j = a,b,c), so equation
(12) can be rewritten as:

(R+sL)ig; = Udifj — Ugy) (13a)
(RO + SLO) Z‘cirj = 0.5ug. — Ucomyj - (13b)
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Fig. 8: MMC rectifier topology

where L = Lg + 0.5Lg, R = Rg + 0.5R0, Ucom; and ug;s; are
the common and differential voltage respectively, defined as:

Ucomj = 05(un_7 + Upj) (14)
Udifj = 0.5(tn; — upj)

According to (13a), the dynamic equation of the grid current in
abc-coordinate system can be written as:

(R+sL) iga = Udifa ~ Uga
(R +sL)igy = ugifp — ugp (15)
(R+sL)ige = ugife — uge

It can be seen that the phase current of power grid can be
controlled by the differential voltage of MMC, transform it into
dg-coordinate system,

(R+ sL) tgd = wligq + Ugifd — Ugd (16)
(R4 5L)igq = —wlLigq + ugifq — Ugq

Through Park transformation, the three-phase sinusoidal signal
is converted into a dc signal under two orthogonal phases. And the
reference value of dg-axis differential voltage can be calculated by
(17), and the overall control diagram of the grid current is shown in
Fig. 9.

Ugipg = (kp1 + =2 (Z_Zd - Zgd) —wligq + ugd

ki1
S

a7

ufhfq = (kp1 + (igq — igq) +wligq + ugq
where iz 4 and i;q are the d-axis and g-axis reference current
respectively.

The active power exchange between the MMC rectifier and the
outside will change the overall capacitor energy. Since the capacitor
energy of MMC rectifier is directly related to the DC output voltage,
the DC voltage control is realized by active power control. Accord-
ing to the positive direction defined in Fig 8, the instantaneous power
absorbed by a MMC rectifier can be calculated by

Pin = —1.BUgqigq + Ude Y _ icirj (18)

where i.;r; is the circulating current of phase j (j = a, b, ¢), defined
as ieirj = 0.5(ipj + in;), and the coefficient 1.5 indicates the
power difference caused by amplitude based Park transformation.
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Fig. 9: Control diagram of grid current

Therefore, the DC voltage can be controlled by changing the
reference value of the d-axis current, and the DC load power can
be introduced as feed-forward compensation to improve transient
response performance. A PI controller is used to eliminate steady
state error, so the reference value of d-axis current can be obtained
a

7]

. kio 2 ug .
Z;d = - <kp2 + %) (U:zc - udc) + g Ug; Z’Lcirj (19)

where w},, is the reference DC voltage from DC droop controller.
The control diagram of DC voltage is shown in Fig. 10.

Fig. 10: Control diagram of DC voltage

As shown in Fig. 10, i;d can be obtained by DC voltage con-
trol. Since g4 is related to the reactive power of MMC rectifier, ig,
is generally set to zero. However, since the reactive power will not
change the overall capacitor energy, the MMC converter can also be
used as a static synchronous compensator (STATCOM) to further
improve the performance of the public grid. For this case, iy, can be
obtained as the output of rectifier power control,

«  2Qy ki .
igq = 20y <kp3 + 75) (Qg — Q) (20)

- 3ugd

where Q7 is the reactive power reference from the grid dispatching
center. The control diagram of reactive power control is shown in
Fig. 11.
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Fig. 11: Control diagram of reactive power

So far, the external dynamics of the MMC rectifier have been
controlled. Its output voltage can track the reference signal from
droop controller to achieve appropriate energy flow in the DC layer.
In order to further improve the performance of the MMC rectifier,
its internal dynamics also need to be controlled. Due to the fluc-
tuation of capacitor voltage, a double-frequency circulating current
will occur in the three-phase MMC converter, which will not only

increase the loss of MMC converter but also reduce its reliability
[39]. According to (13b), the dynamic equation of the circulating
current in three phases can be obtained as

(Ro + sLo) icira = 0.5uge — Ucoma
(RO + SLO) teirb = 0.5Uge — Ucomb @n
(R() + SLO) icirc = 0.5Uge — Ucome

According to (21), the circulating current is related to the com-
mon voltage. In the actual operation, it is expected that the three
phases can share the energy flow evenly. So the reference val-
ues for each circulating current are equal, iy, = in;ip = bnjre =
% (tcira + teirh + teire)- It is worth noting that the undesired dou-
ble frequency component in the three-phase circulating current is
symmetric in negative sequence [40]. So in the summation, the
double frequency components cancel out each other, and only the
desired DC component is retained in the reference signal. In order
to eliminate both DC steady-state error and AC steady-state error, a
proportional-integral-resonant (PIR) controller is used in this paper,
and the reference common voltage for each phase can be calculated
by

* k',3 k 38 Lk .
Ucomj = 0.5ug4. — (kpS + é + SQ_[W) (Zcirj - 7fci'rj)
(22)

where j = a,b,c, wg is the fundamental angular velocity, wg =
1007 rad/s. The control diagram of circulating current is shown in
Fig. 12.
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Fig. 12: Control diagram of circulating current in MMC rectifier

The reference differential voltage and common voltage for each
phase are generated by the external voltage control and the internal
circulating current control respectively. From (14), the reference out-
put voltage of the positive and negative arms can be easily obtained
as

{ Upj = Ucomj Udifj (23)
* % *
Upj = Ucomj + udifj

Based on the above analysis, the overall control diagram of the
three-phase MMC rectifier is shown in Fig. 13. The outermost ;.
and Qj are from the upper droop controller and the grid dispatching
center respectively. While the innermost arm voltages, u; ;j and Uy, o
will be modulated into switching signals.

u* qu'l. (19) igd‘r wudia" ) .}M;a
de Fig. 10 Eqn. (17){4aip "
. . —> una

o —pffan QO)) Ly | Fig-9 fur > > 1
« Fig. 11 )= Equation [ ¥y

\

U, X
l(‘im l :)ma ; (23 ) l un[:
Eqn. 22)“coms .
Jx .
lCirb q. ( ) comb : ’ u e
Fig. 12 | *
K ) ucamc‘ 3 *
lcirc » um‘
N—

Fig. 13: Overall control diagram of the MMC rectifier



4.2 MMC Inverter Control

Fig. 14 shows the configuration of the single-phase MMC inverter,
which is composed of four bridge arms. The configuration and
parameters for each arm are exactly the same as those in the MMC
rectifier. Zs is the equivalent single-phase impedance between the
inverter and catenary network.
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Fig. 14: MMC inverter topology

According to KVL, the voltage equation for the positive arm and
negative arm can be written as

Ugj + Zsisj + Upj + Zoip; = 0.5uqc, (24a)
Ugj + Zsisj — Unj — Zoinj = —0.5uqc, (24b)

where ug;(j = e, f) is the output voltage relative to the ground,
Zsis; is the voltage across the single-phase impedance, Zyi,; and
Zin; are the impedance voltage in the positive arm and negative
arm respectively.

The definition of differential voltage and common voltage is
consistent with (14), and the following equation can be easily
derived,

Zs0lgj = Udifj — Usj, (25a)
ZOicirj = 0.5uge — Ucomj - (25b)

where Zs0 = Zs + 0.52.

The primary purpose of inverter control is voltage tracking con-
trol. According to (25a), the output voltage of the two phases can be
written as,

{ Use = Udife — LsOlse (26)
Usf = Ugiff — Zs0lsf

The single-phase output voltage us = use — ugzs. The variable that
can be controlled is the differential voltage of MMC inverter. Since
the reference voltage is a sinusoidal signal with angular velocity
wp, the output voltage control adopts a proportional-resonant (PR)
controller with a resonant frequency wg.

kr5s *
(ud’ — ug; )*:<k5+'r7>(u _u)
ife if f D 52-1—0.)(2) s s

+ug + Zso (ise — isy)

27

where uj is the reference voltage from the upper droop con-
troller, both the reference voltage uj; and impedance voltage drop

Zs0 (ise — 1 f) are added as feed-forward compensations. In order
to maximize voltage efficiency, the phase angle between v, fe and
Uy, pf is set to 180°. The control diagram of AC output voltage is
shown below.
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Fig. 15: Control diagram of AC voltage

Double-frequency circulating current also exists in single-phase
MMC inverter. From (25b), the dynamic equation of the circulating
current in MMC inverter can be written as:

Zoicire = 0.5Uge — Ucome
. _ (28)
ZOlcirf = 0.5ugc — Ucom f

It can be seen that in single-phase MMC inverter, the common
voltage can also be used to suppress circulating current. The dif-
ference is that the AC component in single-phase MMC inverter
cannot be cancelled by summation, so a low pass filter is adopted
to obtain the reference signal from the original circulating cur-
rent, iy;,.; = LPF (icirj). The reference common voltage can be

calculated by
* k‘e k 6S Sk .
Ucomj = 0~5udc - <kp6 + % + m) (Zcirj - Zcirj)
’ (29)

Based on the above equation, the control diagram of MMC
inverter circulating current is presented in Fig. 16.
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Fig. 16: Control diagram of circulating current in MMC inverter

The control of single-phase MMC inverter includes external out-
put voltage control and internal circulating current control, which
is similar to the control of three-phase MMC rectifier. The overall
control scheme of MMC inverter is shown in Fig. 17.
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Fig. 17: Overall control diagram of the MMC inverter

5 Simulated System Operation

Due to the high flexibility of the proposed double-layer TPSS, the
possible configurations are diverse and may become very complex.
In this paper, a simplified double-layer DC/AC TPSS system is
established in MATLAB/Simulink environment to verify its feasi-
bility, as shown in Fig. 18. When the three-phase MMC rectifier
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Fig. 18: Simulation model of a general double-layer DC/AC TPSS
with renewable integration

and single-phase MMC inverter adopt the same configuration for
each phase, the former has around 1.5 times the power of the latter.
Assuming the average power supply distance for a MMC inverter
is 50km, the average distance between adjacent rectifiers should be
around 75km. In the simulation model, there are two parallel recti-
fiers together with a renewable source feeding three inverters. All the
parallel converters are controlled by droop and inner voltage control
strategy. Therefore, this system model is representative for a gen-
eral double-layer DC/AC TPSS. Different from the top-down system
design approach, a bottom-top simulation verification is carried out
here. The main simulation parameters are listed in Table 1.

Table 1 Simulation Parameters of Hybrid DC/AC TPSS

Parameter Value
Grid voltage 110kV
DC TPSS voltage 20kV

AC TPSS voltage 27.5kV
DC line impedance 0.1Q2/km
AC line impedance (0.14+50.21)Q/km
Rated power of each AC-DC substation 18MW
Rated power of each DC-AC substation 12MW
Traction load power 5MwW
Regenerative braking power 5MW
Maximum power of renewable energy 5MW
MMC arm inductance 20mH
MMC arm resistance 0.5Q
MMC SM number 10

MMC SM capacitance 2mF
MMC SM capacitor voltage 2000V
Simulation step size 5us

5.1  Performance evaluation for a single MMC converter

MMC converters play an important role in the proposed TPSS, and
its performance directly determines the stability and reliability of
system operation. From the system operation point of view, the out-
put characteristics of MMC converters, especially voltage tracking
performance, are the most important issue. In order to verify the
external characteristics of MMC converters, a rectifier and a inverter
are built respectively. When a 10MW step load is added to both of
them, the external characteristics for them are shown in Fig. 19 and
Fig. 20.

It can be seen that the DC bus voltage is pulled down slightly
when a step load current is presented. The voltage quickly reaches
a new steady state with no steady-state error. In the whole tran-
sient response period, voltage fluctuations are less than 5%. For the
MMC inverter, the steady state can also be quickly reached after
small fluctuations. The traditional PI controller cannot eliminate the
steady-state error, but here it is shown that due to the introduction
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Fig. 19: External characteristics of the MMC rectifier. (a) Output
current. (b) Output voltage.
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Fig. 20: External characteristics of the MMC inverter. (a) Output
current. (b) Output voltage.
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Fig. 21: Circulating current performance before and after the
circulating current controller is applied.

of the resonant control loop, SSE-free tracking can be achieved. The
step load is change actually a much worse case than the actual trac-
tion load changes in reality, but both the DC and AC voltages only
fluctuate slightly and can return to the stable state with no error in
a short time. Therefore, MMC control strategy in this paper shows
reliable performance in voltage tracking.



Further, since circulating current suppression is of great signifi-
cance for loss reduction and efficiency improvement, taking phase
e as an example, its circulating current suppression performance
before and after adding the circulating current controller is also com-
pared in Fig. 21. It is evident that, when the internal suppression
algorithm is employed at ¢(, the secondary harmonics in the circulat-
ing current will be eliminated, and only the effective dc component
is retained.

5.2 AC-layer grid operation

Neutral sections are cancelled in the proposed TPSS, and all the
MMC inverters are connected in parallel. Compared with normal
AC microgrids, the biggest difference is the load profile. The change
rate and range of traction loads are much higher than conventional
microgrids, which puts a challenge on the stable operation of the
proposed TPSS. To verify the performance of the proposed TPSS, a
much worse scenario than actual traction loads is simulated. Within
0-0.2s, there is no load connected to the AC-layer grid. At 0.2s, 0.4s
and 0.6s, load 3, 2 and 1 are connected in turn to emulate train start-
ing process with increasing currents. At 0.8s, 1.0s and 1.2s, load
3,2 and 1 are cut off in turn to emulate train braking process with
decreasing currents. Note that the braking of load 1 is considered
as a regenerative mode, which means a regenerative current will be
injected into the TPSS during 1.2-1.4s.
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Fig. 22: Voltage and current waveform in AC-layer grid.
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Fig. 23: Simulated traction load profiles.

Fig. 22 shows the voltage waveform at three load connection
points and the output current of three inverters. It is shown that dur-
ing the whole simulation process, load voltages at different locations
remain largely unchanged. This is due to the good performance of
voltage tracking control. Even when the traction loads change sud-
denly, its voltage fluctuates very slightly and stabilizes at around
27.5V (RMS) in a short time. As it is also shown in the current

waveform, several converters share the power supply in the AC-
layer traction grid. When the load changes suddenly, neighboring
AC substations respond faster and provide more current in a short
time. Gradually these burdens are shared with other converters and a
system steady state is then achieved.
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Fig. 24: Power outputs of ACSSs and transmission line losses. (a)
Output power in conventional droop control. (b) Output power in
modified droop control. (c) Line losses comparison.

Fig. 23 presents the measured traction load profiles. Each pro-
file consists of three stages: acceleration, steady-state operation and
deceleration. The only difference is that regenerative braking is con-
sidered in load profile 1. It is shown that all the three loads can
operate at the given profiles throughout the process. Fig. 24 com-
pares inverter power outputs under conventional droop control and
modified droop control strategy. Note that, the sudden change of load
power is mainly provided by its nearby substations in the beginning.
While with the control effects of droop controller, energy redistribu-
tion can be achieved as shown from the dynamics of power sharing
in Fig. 24. Both the conventional droop control and modified droop



control can enter a steady state stage after a short transient adjust-
ment. Due to the decoupling of line resistance and inductance, the
modified droop control strategy can achieve steady states in less
time. While in terms of the line losses, it is shown that the overall
line losses are reduced using modified droop control. When the trac-
tion load becomes the heaviest, line loss is reduced by more than
30%. It is worth noting that this is the result of automatic energy dis-
tribution, with all converters using the same droop parameters. This
demonstrates the potential of the proposed droop control in further
energy optimization operations.

5.3  DC-layer grid operation

In this proposed TPSS, each inverter is not powered by a single rec-
tifier but connected to the DC-layer grid. In the DC grid, energy can
flow freely, so all of the power demands from the AC layer will be
met by parallel rectifiers in the DC layer. In the simulation model,
the DC-layer network is supplied by two MMC rectifiers as well as a
renewable energy source. Wind power, solar energy and some other
renewable generations have the characteristics of intermittency and
volatility, which bring challenges to maximum power point track-
ing (MPPT) control [41]. However, for their potential applications
in future traction systems, the change rate of renewable energy is
much slower than that of traction loads. Besides, batteries can also be
integrated into renewable generation to further reduce output power
fluctuations [42]. Thus, the transient MPPT process can be ignored,
and renewable generation can be modeled as a controlled current
source with a reference signal of Prp/uge.
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Fig. 25: Voltage and current waveform in DC-layer grid. (a) Prp =
0. (b) Prg = SMW.

As the traction load changes, the energy demand is transferred
from the AC-layer grid to the DC-layer grid. Thus, in DC bus,
ACSS 1-3 are DC loads while DCSS 1-2 are DC power supply
sources. Fig. 25 shows the DC load voltage waveform, namely
uUACSS1, UACSSs2 and uacsss, and the DC current waveform pro-
vided by DCSS 1 and 2. In general, the DC bus voltage with
renewable power is slightly higher than that without renewable.
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Fig. 26: Power outputs of DCSSs and transmission line losses.
(a) Substation power when Prpr = 0. (b) Substation power when
Prr = 5MW. (c) Line losses comparison.

Since DC line resistance will inevitably cause voltage drop and sec-
ondary control is not the focus of this paper, it is acceptable to allow
steady-state error within a certain range. For the case with renew-
able, the steady-state value of uscgss is about 2.5% higher than
uacss1 and upcsss even when there is no load. This is because the
generated energy from renewable generator is fed back to the utility
grid via transmission line, so the bus voltage is slightly raised. For
this case, the rectifier works as a grid-connected converter for renew-
able generation, as shown in its current waveform. Since renewable
energy feedback is shared by multiple converters, system safety and
reliability are greatly enhanced. When the dc load current changes,
there is only a very small amount of load voltage overshoot and it
can quickly reach the stable state. Power characteristics, including
output power of DC substations and line losses, are compared in
Fig. 26. It is shown that when the system is equipped with distributed
renewable generators, the overall supply power of AC-DC convert-
ers decreases, and the maximum output power also decreases. This
will benefit the DCSS life and reliability of power electronics. On the
other hand, the reduction in DCSS power also means the renewable



energy is transmitted directly to traction loads, thus the efficiency of
energy use is improved. As shown in Fig. 26(c), with the introduction
of renewable energy, additional dc line losses will also be introduced
in light load and regenerative breaking cases, whose value is deter-
mined by the power of renewable and breaking generation and its
location in the dc-layer grid. Note that, for busy railway cases, the
introduction of renewable can reduce dc line losses, as the renewable
energy can be directly transmitted to the traction loads.

5.4  System Operation under Substation Fault

Compared to the traditional transformer based TPSS, the biggest
challenge of power electronics based TPSS is system reliability.
Therefore, the design of TPSS should consider fault-tolerant oper-
ation under substation fault, so as to improve system reliability.
System operation under substation fault is of great significance for
the future practical application of the proposed topology. A main
characteristic of the double-layer DC/AC TPSS is that it can real-
ize free energy flow and automatic energy distribution in different
layers. This means that if either the rectifier or the inverter fails, its
original energy conversion task can be reassigned to the surround-
ing converters, and a new energy flow path can be re-established
automatically. Apart from the fact that the faulty substation cannot
work, other converters in the proposed TPSS can continue to oper-
ate, which makes sense because it minimizes the impact of the failed
substations and improves system reliability.
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Fig. 27: Voltage and current waveform under substation fault. (a)
AC load voltage and ACSS current profiles. (b) DC load voltage and
DCSS current profiles

To verify the performance of the proposed TPSS under substation
faults, a severe case where both ACSS1 and DCSS1 fail simulta-
neously is simulated, while traction loads are still consistent with
the previous simulation. Fig. 27(a) and 27(b) show the load voltage
and the substation current in the AC and DC layer respectively. It
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Fig. 28: Power outputs of ACSSs under substation fault.
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Fig. 29: Power outputs of DCSSs under substation fault.

is shown that although faults exist in both ACSS1 and DCSSI1, the
stable voltage support to the loads can still be guaranteed.

Fig. 28 compares the output power of three AC substations. It can
be seen that the energy demand from the traction loads is shared
by ACSS2 and ACSS3 automatically. During 0.6-0.8s, loads in AC-
layer grid are symmetrical to the two ACSSs, so their steady-state
output power is basically the same. Furthermore, the output power
of rectifiers in DC-layer grid is shown in Fig. 29. Compared with
Fig. 26(b), the power originally supplied by DCSS1 is automati-
cally provided by DCSS2 and the renewable source, whose power
is assumed to be half of the maximum. Therefore, even if multiple
substations fail, the other substations can still operate normally and
re-establish energy distribution, which greatly improves the system
reliability.

6 Conclusion

Compared with the existing transformer based TPSS, the back-
to-back converter based TPSS can eliminate neutral sections and
improve power quality. This paper has further proposed a novel
double-layer TPSS with renewable integration, which can achieve
further development in system reliability, renewable integration and
power matching. Meanwhile, the original advantages of the back-
to-back topology are retained. Simulation results show that, (1) The
designed MMC controller can perfectly track the voltage reference
from the upper droop controller; (2) Compared with the traditional
AC droop strategy, the proposed modified droop controller can
achieve energy distribution faster and reduce line losses; (3) The
designed DC droop controller can achieve the primary control of
energy flow in DC-layer grid, and the integration of renewable gener-
ation in DC grid can directly provide energy for traction loads, which
not only improves energy conversion efficiency but also reduces line
losses; (4) Even when several substations fail at the same time, the
whole system can still run smoothly, so the reliability of the proposed
system can be guaranteed.
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