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Abstract—In this paper, a railway power conditioner (RPC)
based on a modular multilevel converter (MMC) with a split su-
percapacitor energy storage system (SCESS) is studied. In this
case, the MMC-SCESS-based RPC could not only provide nor-
mal negative-sequence current compensation, but also reduce the
impact of power fluctuations caused by the locomotive braking or
startup on the electric grid. First, this paper analyzes the power
flow patterns and deduces the reference circulating current under
different operation modes of the MM C-SCESS-based RPC. Then,
the control objectives of the MMC-SCESS-based RPC are divided
into two categories—the balance control and the current tracking
control. The balance control methods are developed for the sub-
module capacitor voltages and the state of charge of the superca-
pacitor, which are associated with the operation modes. To ensure
the current tracking performance, a model-predictive direct cur-
rent control method is presented for the MMC and the bidirectional
energy converter. Finally, the effectiveness of the proposed control
methods is verified by the experimental results of a downscaled
prototype.

Index Terms—Balance control, model-predictive direct current
control (MPDCC), modular multilevel converter (MMC), power
flow patterns, railway power conditioner (RPC), split supercapac-
itor energy storage system (SCESS).

1. INTRODUCTION

VER the years, the high-speed electrified railway has been
developed rapidly. Meanwhile, the traction system feature
of the locomotives results in some power quality issues such as
negative-sequence currents (NSCs), reactive power, harmonic
currents, and fluctuant voltages [1]-[4]. Furthermore, the uti-
lization of regenerative braking energy has been becoming a hot
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Fig. 1. V/V traction transformer and the RPC.

topic recently, particularly in China and Japan [5]. Therefore,
how to regulate the power quality of the electrified railway and
achieve the energy saving for recycling seems to be meaningful.

To solve the problem of the power quality introduced by the
electrified railway, various methods have been presented. The
solutions could be divided into two categories including opti-
mized power system and adding the compensation equipment.
In [6] and [7], different kinds of balance transformers including
V/V transformer, Scott transformer, and power electronic trans-
former are studied for reducing the NSC in a three-phase power
system. Meanwhile, the filter equipment such as a static Var
compensator [8]-[10], a static synchronous compensator [11],
[12], and a hybrid active power filter [13], [14] could be installed
in the high-voltage side to compensate reactive current and har-
monic currents; however, the cost of electrified railway is also
increasing. Then, the idea of railway power conditioner (RPC) is
proposed in [15], as shown in Fig. 1, which is placed at the sec-
ondary side of the traction transformer and transfers the active
power and compensates the reactive power via a back-to-back
(BTB) converter. In [16], the multiple BTB in parallel connec-
tion is proposed for NSC compensation. The secondary sides
of the multiwinding are linked to each BTB output, while the
primary sides are linked to the traction arm. Nowadays, a mod-
ular multilevel converter (MMC) has attracted significant atten-
tion in the field of medium/high-voltage power electronics with

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.


https://orcid.org/0000-0002-0684-0671
https://orcid.org/0000-0002-6188-2508
https://orcid.org/0000-0002-5879-0629
https://orcid.org/0000-0002-7919-3970
https://orcid.org/0000-0003-4354-2611
https://orcid.org/0000-0001-5236-4592
mailto:pengguo92@hnu.edu.cn
mailto:hnuxqm@foxmail.com
mailto:14789868647@163.com
mailto:mafujun2004@163.com
mailto:hezhixingmail@163.com
mailto:an_luo@126.com
mailto:joz@et.aau.dk

1240

features of flexible, modularity, and wide voltage level adapta-
tion. Then, many scholars develop an RPC based on the MMC
structure. In [17], an RPC characteristic of the two-phase MMC
that consists of the full-bridge submodules (SMs) is proposed for
NSC compensation. In [18]-[20], the RPCs characteristic based
on half-bridge MMC are studied with two arms, three arms, and
four arms. In [21], the scholar makes the comparisons for five
classical modular RPC topologies and provides the choosing
guidelines for special application. It is revealed that the asym-
metrical MMC based on half-bridge SMs shows the superior
performance in the V/V traction system.

With the growth of the electric load and the interconnection
of the regional power system, the concept of the energy storage
system (ESS) is initially proposed for dealing with the power
quality and the power system stability problem [22]. Nowadays,
with the penetration of the renewable source, the ESS is once
again to cope with the power fluctuation resulted from the ran-
domness and intermittent nature of renewable energy. So, how to
integrate the ESS into the power electronic converter effectively
has been studied widely [23]. Among them, the structure of the
MMC with a split ESS has become a promising and emerging
way [24]. In [25], the scholars make a discussion on the enhance-
ment of performance, reliability, and flexibility of the modular
multilevel cascaded converter (MMCC) with a split battery en-
ergy storage system (BESS). The BESS can provide the MMCC
with satisfactory performance on zero-voltage ride-through. In
[26], an energy injection method is proposed to rebalance the
ac voltage of grid asymmetries by utilizing the BESS. In [27],
the operation modes of the MMC with an integrated BESS are
analyzed, and the balance methods for the state of charge (SoC)
are developed. A nonisolated dc—dc converter is utilized to link
the split BESS to the SM when the direct connection to the SM
may decrease the battery lifetime. In [28], a novel balance con-
trol method based on the state of health of the recycled batteries
is proposed to enhance the output capacity and lifetime of the
MMC BESS. From the point of view of the system efficiency
[29], the scholar makes a comparison for three kinds of classical
MMC topologies with the split BESS. In [30], a hybrid mod-
ular multilevel converter (HMMC) with the integrated BESS
is proposed, and the control strategies under normal modes and
fault modes are studied. A decoupled power method based on the
HMMC with a hybrid ESS is presented in [31]. In this configura-
tion, the long-term fluctuant power is compensated by the battery
energy, while the short-term fluctuant power is compensated by
the supercapacitor energy, which benefits for improving the re-
liability of the storage elements. Recently, the utilization of the
regenerative braking energy of the traction locomotive is grad-
ually attracting more attention when the traditional mechanical
brakes and braking resistors may face the challenge of the envi-
ronmental impact and energy saving. Due to the energy storage
characteristic of high-power density, the supercapacitor is more
applicable to the utilization of the regenerative braking energy
compared to the battery storage [32]. In [33], a simplified math-
ematical model of the MMC integrated with the supercapacitor
energy system is presented, and the control methods for traction
motor and energy system balance are validated by the numerical
simulations. Although many pieces of literature have made been
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Fig. 2. Main topology of the MMC-SCESS-based RPC.

studied on the MMC with the split ESS, the MMC with a split su-
percapacitor energy storage system (MMC-SCESS)-based RPC
is rarely studied and deserves to be further researched.

For this reason, an MMC-SCESS-based RPC is proposed to
apply for the railway traction power conditioner with the abil-
ity to adapt different operation modes. In the normal operation
mode, the MMC-SCESS-based RPC system could compensate
the NSC, while in the extended operation mode, the MMC-
SCESS-based RPC system could absorb the regenerative brak-
ing energy in the braking mode and supply the peak power in the
startup mode. The highlight of this paper includes: 1) analysis of
the power flow patterns and reference circulating current under
different operation modes; and 2) research on control methods,
including the balance control and the current tracking control.

The rest of this paper is organized as follows. In Section II,
the system configuration and the mathematical model of the
MMC-SCESS-based RPC are introduced. Afterward, the oper-
ation principle and the power flow of the MMC-SCESS-based
RPC under different operation modes are analyzed in Section III.
Section IV mainly discusses the control methods of the MMC-
SCESS-based RPC. The experiments are carried out to demon-
strate the effectiveness of the studied MMC-SCESS-based RPC
and the proposed control methods in Section V. Section VIdraws
the conclusion.

II. SYSTEM CONFIGURATION AND MODELING OF THE
MMC-SCESS-BASED RPC

The main topology of the MMC-SCESS-based RPC to be
discussed is shown in Fig. 2. It contains three phases, and each
phase contains two arms, which are connected by inductor L
and its internal resistance r. Each arm consists of N series SMs,
and each SM consists of the half-bridge converter (HBC) and
the supercapacitor, which are connected by bidirectional energy
converter (BEC). up; and uy; (j = a, b, ¢) denote the upper and
lower arm voltages, respectively. i,; and 4,; denote the upper
and lower arm currents, respectively. The midpoints of three
phases are connected to the V/V transformer—the midpoint of
phase cis connected to the common point of the V/V transformer,
while the midpoints of phases a and b are connected to the ends of
the V/V transformer. For convenient analysis, the mathematical
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model of the MMC-SCESS-based RPC could be divided into
two parts incorporating the mathematical model of the MMC
and the mathematical model of the BEC. A brief introduction is
given in the following section.

First, obeying the direction of voltages and currents shown in
Fig. 2, the external dynamic characteristic equation of phase j
could be deduced as [34], [35]

Ldijc  (unj — up;) T

S = g Wi Ueo — Gl (D

where wu;. and ¢j. denote the traction feeder voltage and the
output current of phase j, respectively. u., denotes the common
voltage measured between the midpoint of phase ¢ and the mid-
point of the virtual dc link, which is supported by the inserted
SM capacitor voltages.

In spite of the asymmetric characteristic of the MMC-SCESS-
based RPC, the external characteristic equations of three phases
are symmetric, meaning that the common voltage u., could be
obtained by summing the external characteristic equations of
three phases as

1 1
Uco = —g _z;) Cujc = —g (uaC + ubc) . 2)

Assuming that the SM capacitor voltages are well balanced,
the internal dynamic characteristic equation of phase j could be
deduced as [34], [35]

Unj + Up;

diz;i  Uge .
L2 = — = P, 3

at 2 2 Mag )
where Ug. and i,; denote the virtual dc-link voltage and the

circulating current of phase j. In addition, the arm voltage of
phase j could also be given approximately as follows:

_ N ~ Np =
{“pj = =1 SpkjlUpckj ~ N Upcj @)
_\N ~ Nu, >
unj - Zk:l Snk:junckj ~ ﬁnun(;j

where s, and s,, denote the upper and lower arm SM switch-
ing states, respectively. up, and u,. denote the upper and lower
arm SM capacitor voltages, respectively. u§C and u>. denote
the summation of the upper and lower arm SM capacitor volt-
ages, respectively. N, and N, indicate the upper and lower arm
inserted SM numbers, respectively.

To ensure the energy bidirectional flow with the characteris-
tic of the reliability, it utilizes a bidirectional buck—boost con-
verter to decouple the supercapacitor from the dc-link voltage
of the HBC in this paper. Assuming that the converter is al-
ways operating in the continuous current mode, the current
paths of the BEC under different operation modes are shown
in Fig. 3.

There are two kinds of operations, including the energy stor-
age mode and the energy release mode, as shown in Fig. 3(a) and
(b), respectively. When the BEC is operating in the energy stor-
age mode, as shown in Fig 3(a), i.e., the energy could flow from
the HBC dc link to the supercapacitor, Q1 is set to the pulsewidth
modulation (PWM) state and Qs is set to the OFF-state. Inversely,
when the BEC is operating in the energy release mode, as shown
in Fig 3(b), i.e., the energy flows from the supercapacitor to the
HBC dc link, Q; is set to the OFF-state and Q> is set to the PWM
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(i)
(b)
Fig. 3. Current paths of the BEC in the extended operation mode. (a) Energy

storage mode: (i) Q1: ON, Q2: OFF and (ii) Q1 : OFF, Q2: OFF. (b) Energy release
mode: (i) Q1: OFF, Qa: OFF and (ii) Q1: OFF, Q2: ON.

state. It is worth to mention that the current paths of Fig. 3(a)(i)
and (a)(ii) are identical to those of Fig. 3(b)(i) and (b)(ii), re-
spectively, so the mathematical models of the converter in two
modes could be given in a unified expression as

{ de — 2 (i — Qir)

. Q)
d .
ﬁ = i (Quc — Usup — TSZL)

where i, and i, denote the input current and inductor current,
respectively. u, and ug,, denote the SM capacitor voltage and
the supercapacitor voltage, respectively. In unified expressions,
when iy, > 0,Q; = Qand Q; =0, while i, < 0,Q2 = (1 — Q)
and Q; = 0.

III. OPERATION PRINCIPLE AND POWER FLOW ANALYSIS OF
THE MMC-SCESS-BASED RPC

For the MMC-SCESS-based RPC, the power flow is closely
related to its operation modes, which incorporate the normal
operation mode and the extended operation mode. In general,
the power flow based on the former mode occurs between the
electric grid and the traction locomotive, while the power flow
based on the latter mode occurs between the supercapacitor and
the traction locomotive. Since the operation modes are asso-
ciated with the control objectives of the MMC-SCESS-based
RPC detailed in Section 1V, it is worthwhile first to analyze
the power flow. The corresponding processes are presented as
follows.
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Fig. 5. Compensation principle phasor diagram of the V/V traction system.

A. Normal Operation Mode

If the MMC-SCESS-based RPC is operating in the normal
mode, i.e., the supercapacitor does not work, then the MMC
system takes responsibility for NSC compensation. In this case,
the power flow is depicted in Fig. 4. When the active power
required by traction feeder A is lower than that by traction feeder
B, the power flow is shown in Fig. 4(a), and the MMC transfers
half of the active power difference from the left traction arm
to the right one. Conversely, when the active power required
by traction feeder A is more than that by traction feeder B, the
power flow is shown in Fig. 4(b), and the MMC transfers half
of the active power difference from the right traction arm to the
left one.

For convenient analysis, we assume that phase b is in full
load, while phase a is in no load. According to the compensa-
tion principle of the V/V traction system [36], the compensation
phasor diagram is depicted in Fig. 5. In this case, the traction
feeder voltage and the reference compensation currents could
be defined as follows:

Uae = Ussin (wt + Oc)
. (6)
Upe = Ussin (wt + Oy¢)

@)

iheo = Iosin (wt + fac +7/2) — Ipsin (Wt + fac)
itel) = Igsin (wt + Ope — 7/2) + Ipsin (wt + Oye)

(b)

Power flow of the MMC-SCESS-based RPC under the normal operation mode. (a) Pra < Ppg. (b) Pra > PrB.

where Uy denotes the amplitude of the traction feeder voltage. Ip
and /g denote the amplitudes of the reference active current and
the reactive current, respectively. The amplitudes and the phase
angles in (6) and (7) should satisfy the following conditions:

Ig=1p/V3
{Gac - gbc = 7T/3. (8)

Ignoring the loss of the inductance and resistance in each arm,
the instantaneous power expressions of the upper and the lower
arm in phase j are given as

Ppj = upjip; = (Ude/2 = (e + Uco)) (ije/2 + i)
(Ude/2 4 (uje + tico)) (—ije/2 + izj)-
©)
To simplify the deduction, the total instantaneous power of

the phase j could be deduced by summing these relations in (9)
as

Poj = unjing =

Pj = UdCiZj - (ch + uco) ZJC (10)
3
P, = Ugclya + U Ip — \[U Iqg
12
dc component
1 1 1 1
— -Uslqoan — s Usp By + —“Uslqas + ~UgdpfBs  (11)
3 3 6 6
ac component
1 V3
Py = Uscigy — ~Udlp — Y2ULT
b dc?zb 4 P 19 Q
dc component
+ 3U IQa2 + 3U IpPa — UIQO(3 6Usfpﬂg (12)
ac component
. 3
P = Uneiye + %USIQ
dc component
1 1 1 1
- EUSIQQ]. - gUsIPBI + gUSIQQQ + gUsfpﬁz (13)

ac component
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mode.
with

aq = sin (2wt 4 20,c) , oo = sin (2wt + 204 ,
ag = sin (2wt + e + Ope)

B1 = cos (2wt + 20,.), B2 = cos (2wt + 26.) ,
B3 = cos (2wt + e + Ope) -

Substituting (2) and (6)—(8) into (10), after a series of the
mathematical operations, the three-phase instantaneous power
expressions could be deduced as shown in (11)—(13). In order to
ensure stable operation of the MMC system, the dc component
of the total instantaneous power on each phase should be kept
as zero, which benefits for balancing the SM capacitor voltages.
Hence, the reference circulating currents in the normal operation
mode could be deduced as follows:

; _ 1 1 V3
Zzzat7n01f ~ Uae (_ZUSIP + ﬁUSIQ)
izb_nor - Uidc <quIP + gquIQ)

_ 1 V3
== Tm (—TU;IQ)

According to (14), the three-phase circulating currents are
composed of active circulating current and reactive circulating
current components. The former is stimulated by transferring the
active power and flows only between phases a and b, as shown
by the blue dotted line in Fig. 6, while the latter is stimulated by
compensating the reactive power and flows among three phases,
as shown by the pink dotted line in Fig. 6.

(14)

Yzc_nor

B. Extended Operation Mode

If the MMC-SCESS-based RPC is operating in the extended
mode, such as the braking or startup mode of the traction lo-
comotive, then the supercapacitor could be assessed to reduce
the impact of power fluctuations on the electrical grid by energy
storage or energy release. In this case, the power flow is de-
picted in Fig. 7. When the locomotive is operating in the startup
mode, the instantaneous launch energy could be provided by the
supercapacitor, as shown in Fig. 7(a). When the locomotive is
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operating in the braking mode, the regenerative braking energy
could be feedback to the supercapacitor, as shown in Fig. 7(b).

To simplify the analysis, we assume that only one locomo-
tive is in the braking mode, and the regenerative braking power
remains constant. According to (7), the reference compensation
currents could be defined as follows:

it =0 s

it = —Ipsin (wt + Ope). (15)

Taking the braking mode as an example, because phase a
does not participate in the transfer of active power, as shown in
Fig. 8(a), the regenerative braking energy will be fully absorbed
by the supercapacitor of phases b and ¢, which consequently
results in a significant difference in the SoC between phase b
(phase c¢) and phase a. In order to make full use of the storage
capacity of the supercapacitor, the circulating current injection
method should be introduced to reduce the phase SoC difference.

First, we define a virtual circulating current i, which is uti-
lized for charging supercapacitor but cannot be measured. In
order to deduce the expression of i,,, the total instantaneous
power expressions of phases b and ¢ could be given as follows:

Pb = _Udcivzb - %ubcibc
(16)
Pc = _Udcivzc - %ubcibc'
Substituting (6) and (15) into (16) yields
1 1
Py, = —Ugclvgp + ZUSIP 7ZUSIPCOS (2wt -+ Gbc)
dc component ac component (17)

1 1
P. = —Ugctyze + ZUSIP 7ZUSIPCOS (2wt + 9bc).

dc component ac component

For the stable operation of the MMC, the expression for the
virtual circulating currents should satisfy the following relations:
Uslp
4Udc )

Actually, the virtual circulating currents could be decomposed
into two terms:

(18)

lyzb = lyzc =

Tygb = izb + {vzb
(19)

tvze = fzc + tvac

where i,}, and i, denote the injected circulating currents, while
%yup and iy, denote the corrected virtual circulating currents. To
reduce the phase difference of the SoC, the regenerative braking
energy should be distributed symmetrically on the three phases,
as shown in Fig. 8(b), that is,

(20)

lyvzb = tvze = lza-

According to (18)—(20), the reference injected circulating cur-
rents are deduced as follows:

; _ _Uslp

Zza_cxt - 6Uqc

. Ug I

lzb_ext = 12}]:0 (21)

; _ Uslp
ch_cxt — 1204
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Similarly, when the traction locomotive is operating in the
startup mode, the reference injected circulating currents for re-
ducing the difference in the SoC between phase b (phase ¢) and
phase a could be deduced similarly and do not cover again. Actu-
ally, the expressions of the reference injected circulating currents
in the startup mode are the same as that in the braking mode,
but the sign of the reference amplitude of the active current Ip
should be reversed.

IV. CONTROL METHODS OF THE MMC-SCESS-BASED RPC
A. Control Objectives of the MMC-SCESS-Based RPC

The main control objectives of the MMC-SCESS system
are associated with the operation modes. On the one hand,
when the MMC-SCESS-based RPC is operating in the normal
mode, i.e., for the NSC compensation, the control objectives
contain three parts: reference compensation current tracking,
reference circulating current tracking, and SM capacitor voltage
balancing. On the other hand, when the MMC-SCESS-based
RPC is operating in the extended mode, i.e., for energy stor-
age or energy release, the control objectives contain four
parts—reference compensation current tracking, reference
circulating current tracking, supercapacitor SoC balancing,

[ SuperCapacitor ]

(b)

Power flow of the MMC-SCESS-based RPC under the extended operation mode. (a) Energy release. (b) Energy storage.

Characteristic of the circulating current under the energy storage. (a) Without circulating current injection. (b) With circulating current injection.

and SM capacitor voltages balancing. For the sake of simplic-
ity, the control objectives are divided into two categories as
follows.

1) Balance control: When the MMC-SCESS-based RPC is
operating in the normal mode, the balance control mainly
contains the total voltage balance, the phase voltage bal-
ance, the arm voltage balance, and the individual voltage
balance. When the MMC-SCESS-based RPC is operating
in the extended mode, the balance control mainly con-
tains the phase SoC balance, the arm SoC balance, and
the individual SoC balance. It is worth to mention that the
individual voltage balance in the extended mode could be
ensured by the BEC controller, which will be introduced
in Section IV-C.

2) Current tracking control of the MMC and the BEC: The
current tracking control of the MMC incorporates the
compensation current tracking and the circulating cur-
rent tracking, which is regardless of the operation modes.
When the MMC-SCESS-based RPC is operating in the
extended mode, the BEC controller not only realizes the
bidirectional energy flow, but also has to retain the SM ca-
pacitor voltage balance around the reference value, which
could be achieved by manipulating the inductor current
directly.
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B. Balance Control for the MM C-SCESS-Based RPC

When the MMC-SCESS-based RPC is operating in the nor-
mal compensation mode, the purpose of the balance control is
to prevent the SM capacitor voltages from divergence due to the
unavoidable power difference of the SMs. The detailed voltage
balance methods are discussed as follows.

1) Total power balance control: Define P}, ; and Py, ; to repre-
sent the power of the upper arm and the lower arm, respectively.
The expressions are given as follows:

o1 N 2
{ij = EZkzl Upcks
_ 1N o
Py = §Zk~:1 Unckj

As presented in (23), the reference active power for total
power balance control could be obtained via the proportional-
integral (PI) controller, as follows:

(22)

> (P + Puj)

Jj=a,b,c

1 1
Pt =kp | =NU2 — =
total pl 2 cref 6

1 1
+h{/ 3 NUcet — ¢

2 Z (ijJrPnj)

j=a,b,c

(23)

where U..o¢ represents the reference SM capacitor voltage.
Hence, the amplitude of reference fundamental current is de-
duced as follows:

2Prcf

_ total

ref
It

= . 24
otal Us ( )

2) Phase power balance control: According to (9), the sum-
mation of the upper and lower arm voltages only contains the dc
components, i.e., the imbalance of phase power could be elim-
inated by injecting the dc circulating current. Because the total
power balance is ensured by (24), the control degrees of freedom
of phase power control are actually only two, i.e., as long as the
arbitrary two-phase circulating current is controlled, the three-
phase power deviation could be eliminated. So, the reference
phase power deviations are given as

{ Psrl(:rt;la = kp2 (Pa - NUc2ref) + Ki2 f (Pﬂ - NU; )

cref
Pret = kpo (P — NUZ) + kio [ (B — NU2,)

ref

(25)

ref

where P; denotes the summation of P,; and P,;. The refer-
ence dc circulating currents for phase power balance control are
calculated correspondingly as

ref __ pref
{ Isuma - Psuma/UdC
ref _ pref
I - Psumb/UdC'

sumb

(26)

3) Arm power balance control: According to (9), the differ-
ence between the upper and lower arm voltages only contains the
fundamental components, i.e., the imbalance of the arm power
could be eliminated by injecting the fundamental circulating
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current. The reference arm power deviations are given as
Péieiga:kP3(Pna_Ppa)+ki3f(Pna_Ppa)
Pty = kps (Pan — Po) + ki [ (Pab — Pob)
Pé?fffc = kp3 (Pac — Ppc) + ki3 f (Pac — Ppc)~

Because the control degrees of freedom of arm power con-
trol are three, fundamental positive-sequence circulating cur-
rents and fundamental negative-sequence circulating currents
are needed to be injected simultaneously, as shown in (28), which
contains four controllable states including positive-sequence
amplitude /,, positive-sequence phase angle 6., negative-
sequence amplitude 7,_, and negative-sequence phase angle 6._

27)

ik, = Lysin (wt +04) + I, sin (wt +6_)
ik, = Lysin (Wt + 04 — 27/3)

+ I, sin (wt + 0_ — 47/3)
ik, = Lysin (wt + 04 — 47/3)

+1,_sin (wt + 0_ — 273) .

(28)

The arm power deviations introduced by injecting the circu-
lating current are shown in (29), and the derivation in detail is
listed in Appendix I:

Pdiffa =

Paiim, = %USIZ+COS 0, + %USIZ,COS (0- —27/3)

Paige = %USIZ_;,_COS 0y + %USIZ_COS (0- —47/3).
(29)

%Uslz_s_cos 0+ + %USIZ,COS 0_

Setting 6, to be zero and substituting reference arm power de-
viations into (29), the value of 1,4, I,_, and 6 _ could be deduced
as follows:

I+ = V3Paitem/Us
L= JETE
cos_ =dy/\/d? +d3
sinf_ = dy/\/d? + d3

(30)

with
dl = \/g (P(liielffa - P(Iiffffcm) /US
dy = 2 (Pify, — Piftom) /Us + (Pifta — Piftom) /Us
Piftem = (Pifta + Pifi + Pific) /3-

4) Individual SM power balance control: The difference
among the individual SM power in the same arm could be elimi-
nated by the independent PI controller or sorting algorithm [37].
As the former method may increase the design complexity of the
distributed controller, the latter method is utilized to balance the
individual SM power and determines the final switching states
in this paper.

When the MMC-SCESS-based RPC is operating in the
extended mode, the above balance control methods are also
suitable for supercapacitor SoC balance including phase SoC
balance and arm SoC balance and do not cover again. It is noted
that the SM capacitor voltage balance in the extended mode is
ensured by the BEC controller (introduced in Section IV-C);
the individual SoC balance in the same arm could be achieved
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Fig. 9. Balance control methods under different operations modes.

indirectly by sorting the corrected SMs capacitor voltages
expressed as

1 N
Upckj_corrected = Upckj T A (Socpkj - N Zk:l Socpkj)

1 N
Unckj_corrected = Unckj + A (Socnkj - N Zk:l SOCpkj)

3D

where Upckj_corrected aNd Unckj_corrected denote the upper and
lower arm corrected SM capacitor voltages, respectively, and A
denotes the correction coefficient.

Therefore, the diagram of the balance control methods under
different operations modes is shown in Fig. 9.

C. Model-Predictive Direct Current Control for the
MMC-SCESS-Based RPC

In this paper, a model-predictive direct current control
(MPDCC) method is utilized for the current tracking of the
MMC-SCESS-based RPC. Since the MMC-SCESS-based RPC
incorporates two independent parts of the MMC and the BEC,
the MPDCC method is designed separately for a reduced com-
putation, and the detailed implementation process is as follows.

First, according to (1)—(5), the continuous mathematical
model of the MMC in phase j and the arbitrary BEC could be
organized as follows:

Az
Az,

B
Bl

i
+ (32)

Te

The state variables @ = [i;ci,;]" are used to describe the
MMC and consist of the output current and the circulating cur-
rent, while the state variables xe = [u. i1,]T are used to describe
the BEC and consist of the SM capacitor voltage and the inductor
current. The matrices A, B, A’, and B’ are listed in Appendix II.

Assuming that the slope of state variables keeps constant in
one control period, an approximate discrete method, known as
forward Euler method, could be introduced to discretize (32),
yielding

z(k+1)

mteen) e ] e

Gz, (k)

where the matrices G, H, G’, and H' are also listed in Appendix II.
Then, the control objectives of the MMC-SCESS-based RPC

associated with the output current, the circulating current, and

the inductor current are mapped into the cost functions J and J,
respectively, given as follows:

|wr9f(k +1)—zk+1)y
it (k + 1) —dp,(k + 1)

7| = (34)
Je

For the MMC, x(k + 1) = [ije(k 4+ 1) i,;(k + 1)]T denotes
the prediction value of state variables and is calculated by (33).
xrf (k4 1) =[50 (k + 1)i5" (k 4+ 1)]7 denotes the reference
value of state variables. The matrix W = diag([w1,w2]) is uti-
lized to penalize the tracking error of the output current and
the circulating current. The design method for weighting matrix
could be referred to [38]. When the MMC-SCESS-based RPC is
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Fig. 10.
(c) MPDCC for the BEC.

operating in the normal compensation mode, the reference com-
pensation current zgif(k + 1) could be given by synthesizing (7)
and (24), while the reference circulating currents i;‘jf(k +1)
could be given by (14), (26), and (28). When the MMC-SCESS-
based RPC is operating in the extended mode, the reference
compensation current i;ff (k 4 1) could be given by (15), while
the reference circulating currents zgif(k + 1) could be given by
(21), (26), and (28).

For the BEC, i%*f(k + 1) and ir,(k + 1) denote the prediction
and reference of the inductor current, respectively. To improve
the steady performance and antidisturbance, the outer voltage
controller is introduced to fine-tune the reference inductor cur-

rent as expressed in the following:

ref
-ref P, e

1, = m +o (Ucref - Uc)

(35)

where P'*f denotes the reference power for energy storage or
energy release and o denotes the fine-tuning coefficient.

()

Flowcharts of the MPDCC for the MMS-SCESS-based RPC. (a) Update method for current search field of the MMC. (b) MPDCC for the MMC.

Due to the continuity of the state variables, the current search
field of the MMC could be limited to the set, in which the el-
ements are adjacent to the previous optimal inserted number
[39]-[41]. So, in this paper, the concept of adjacent search is
also applied to reduce the computation. The flowchart of the up-
date method for the current search field is shown in Fig. 10(a).
Noting that the number for the current inserted number N, ,, to
be evaluated is at most three, i.e., nine inserted number com-
binations [N, N,] are required to be evaluated for each phase
in each sampling value. The flowcharts of the MPDCC for the
MMC and the BEC are shown in Fig. 10(b) and (c), respectively.
For each combination of inserted number [N}, N,, ] in search field
for the MMC and each switching states Q for the BEC, the state
variables at instant k + 1 are predicted by using the discrete
model (33). Then, the cost functions are calculated according
to (34). Finally, the optimal inserted number [NP* N2P*] that
minimizes the cost function J could be obtained and further
transferred into the optimal switching states [s‘l.f,pt soPt] for the
MMC via the sorting algorithm, while the optimal switching
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states Q°P' that minimizes the cost function J, could also be
selected to apply for the BEC.

Combining the balance control methods in different operation
modes and the MPDCC methods for the current tracking, the
overall control block diagram of the MMC-SCESS-based RPC
is shown in Fig. 11.

V. EXPERIMENTAL RESULTS

In order to test experimentally the basic functionalities of
the studied MMC-SCESS-based RPC and verify the effective-
ness of the proposed control methods, experiments of the down-
scaled prototype are designed and constructed in the laboratory,

Submodule
B

Bl
Simulated Load £}

.

Inductor Board

= P I
N > \/

Optical fibers |

‘

(b)

Experimental setup of the MMC-SCESS-based RPC. (a) Schematic of the downscaled prototype system. (b) Picture of the downscaled prototype system.

as shown in Fig. 12. The main parameters are listed in Table I.
The design principle of parameters could refer to [21] and [29].

The main circuit consists of the MMC-SCESS, the simulated
load, and the V/V traction transformer. First, the MMC-SCESS
contains three phases, and each phase contains two arms. Each
armis equipped with two SMs, and each SM consists of the HBC,
the BEC, and the supercapacitor. In general, the supercapacitor
has low cell voltage, typical 2.7 V, so the supercapacitors are
connected in series to demand the relatively high voltage (such
as 72 V in this paper), and an additional balance circuit is used
to ensure the balance among the supercapacitors connected in
series. Then, a BTB three-phase to two-phase two-level con-
verter is used to simulate the different operation modes of the
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TABLE I
MAIN PARAMETERS OF THE MMC-SCESS-BASED RPC IN THE DOWNSCALED PROTOTYPE

Parameters Value Parameters Value
Locomotive capacity P S5kW Arm inductance L 1 mH
Traction supply voltage uyc, U 110V Supercapacitor Cyy, 6F
Braking/Startup Power Py 2.5kW Filter inductance L, 10 mH
Rated SMs capacitor voltage User 90V Initial Supercapacitor SoC 50 %
Number of SMs per arm N 2 Sampling time 7 100 ps
SM capacitance Cqp, 10 mF Operation frequency f° 50 Hz
£=100ms £=100ms £=300ms ir.=100ms il;=300ms
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Fig. 13.

Experimental results of MMC-SCESS-based RPC in the normal operation mode. (a) Currents: (i) three-phase grid currents, (ii) compensation currents,

and (iii) three-phase circulating currents. (b) Three-phase SM capacitor voltages: (i) phase a, (ii) phase b, and (iii) phase c. (c) Three-phase output multilevel

voltage: (i) phase a, (ii) phase b, and (iii) phase c.

locomotive. The V/V traction transformer consists of two single-
phase transformers and draws the power from the electric grid
to the simulated load.

The control system mainly consists of a master controller and
a slave controller. First, with the features of high-speed paral-
lel computing for a field-programmable gate array (FPGA) and
high-level algorithm tasks for a digital signal processor (DSP),
a dual-core controller with the DSP and the FPGA is joined to-
gether as a master controller to share computation and execute
sophisticated control algorithm. In the master controller, the DSP
is mainly responsible for executing the model-predictive control
(MPC) method of the MMC, while the FPGA not only executes
the balance control methods for SM capacitor voltages and su-
percapacitor SoC, but also distributes the multiplex pulse signals
to control the switching states of SMs. Then, an additional FPGA

is distributed in each SM as a slave controller and is responsible
for executing the MPC method of the BEC and completing the
necessary measurements such as SM capacitor voltages and su-
percapacitor voltage/current for SoC estimation. Furthermore,
the distributed FPGA also ensures the SM protection to pre-
vent overcurrent and overvoltage of the supercapacitor. Both
communication data transmit among the controllers and switch-
ing signal distribution for SMs are realized through the optical
fiber.

The experiments of the MMC-SCESS-based RPC in the nor-
mal operation mode are carried out, and the corresponding re-
sults are shown in Fig. 13. The load of 5 kW is located at
phase b traction power arm, while phase a works on a no-
load operation. First, phase b traction locomotive turns into the
normal operation mode at + = 50 ms without enabling NSC
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Fig. 14. Experimental results of the MMC without the SCESS-based RPC in the extended operation mode. (a) Currents: (i) three-phase grid currents,

(ii) compensation currents, and (iii) three-phase circulating currents. (b) Three-phase SM capacitor voltages: (i) phase a, (ii) phase b, and (iii) phase c.
(c) Three-phase output multilevel voltage: (i) phase a, (ii) phase b, and (iii) phase c.

compensation. Three-phase grid currents are seriously asym-
metrical and contain a large number of NSCs, as shown in
Fig. 13(a)(i). Then, the NSC compensation is enabled at r = 100
ms. According to the NSC compensation principle, the reference
amplitudes of the active current /p and the reactive current /o
are set to 32.14 and —18.56 A, respectively. According to (14),
the reference three-phase circulating currents are —9.26, 4.63,
and 4.63 A, respectively. The experimental waveforms of the
compensation currents and the circulating currents are shown
in Fig. 13(a)(ii) and (a)(iii), respectively. After NSC compen-
sation, three-phase grid currents tend to be symmetrical, and
the unbalance level is reduced greatly. Considering that the SM
capacitor voltages of the same arm have been balanced by the
sorting algorithm, it only displays the first SM capacitor volt-
age of each arm, as shown in Fig. 13(b). It can be seen that the
SM capacitor voltages appear to the fundamental and second
frequency fluctuations and tend to become divergent in differ-
ent arms due to the unavoidable power difference. Then, the
balance control methods for SM capacitor voltages are applied
at + = 300 ms. It can be seen that the three-phase circulating
currents contain the obvious fundamental components to elim-
inate the difference between the upper and lower arm voltages,
as shown in Fig. 13(a)(iii). The SM capacitor voltages are re-
balanced around the reference value of 90 V, and the maximum
ripple values of each phase SM capacitor voltages are 4.87,5.67,
and 5.87 V, respectively. Fig. 13(c) shows the three-phase out-
put multilevel voltages. The output voltage level of each phase
is up to its maximum value of five. It is worth to mention that

the MPC method usually does not require a modulator, so the
output multilevel voltage of each phase seems to be irregular.
Furthermore, the three-phase output multilevel voltages are also
not completely symmetrical. This is due to the characteristic of
the asymmetry on the MMC-SCESS-based RPC. The experi-
mental results verify that the MMC-SCESS-based RPC could
generate the reference active current and reactive power to com-
pensate the NSC in the normal operation mode and maintain the
SM capacitor voltage balance with the balance control methods.

The experiments of the MMC-SCESS-based RPC in the ex-
tended operation mode are carried out, and the corresponding
results are shown in Figs. 14 and 15, respectively. We assume
that phase b traction locomotive first turns into the startup mode
at t = 10 ms with a constant power of 2.5 kW, then turns into
the normal operation mode at # = 170 ms with a constant power
of 5 kW, and, finally, turns into the braking mode at = 330 ms
with a constant power of 2.5 kW.

When the supercapacitor does not work, the startup energy is
completely provided by the electric grid, while the regenerative
braking energy has to be feedback to the electric grid. In these
cases, the NSC compensation has to be enabled to reduce the
unbalance of three-phase grid currents, as shown in Fig. 14(a)(i).
When the locomotive is operating in the startup mode, the refer-
ence amplitudes of the active current /p and the reactive current
I are setto 16.07 and —9.28 A, respectively. According to (14),
the reference three-phase circulating currents are —4.63, 2.32,
and 2.32 A, respectively. When the locomotive is operating in
the braking mode, the reference amplitudes of the active current
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Fig. 15.

Experimental results of the MMC with the SCESS-based RPC in the extended operation mode. (a) Currents: (i) three-phase grid currents, (ii) compensation

currents, and (iii) three-phase circulating currents. (b) Three-phase SM capacitor voltages: (i) phase a, (ii) phase b, and (iii) phase c. (¢) Three-phase output multilevel

voltage: (i) phase a, (ii) phase b, and (iii) phase c.

Ip and the reactive current /g are set to —16.07 and 9.28 A,
respectively. Also, according to (14), the reference three-phase
circulating currents are 4.63, —2.32, and —2.32 A, respectively.
The experimental waveforms of the compensation currents and
the circulating currents are shown in Fig. 14(a)(ii) and (a)(iii),
respectively. Due to the use of balance control method, the
SM capacitor voltages of the different arms are well balanced
around its reference value of 90 V, as shown in Fig. 14(b). It is
worth to mention that the SM capacitor voltage fluctuation under
extended operation is smaller than that under normal operation;
this is because SM capacitor voltage fluctuation is proportional
to the magnitude of the transmission power of the converter [34].
The three-phase output multilevel voltages in the extended mode
are not uniformly distributed, which are the same as those in the
normal mode, as shown in Fig. 14(c).

When the supercapacitor is access to the dc side of the SM,
the startup energy is completely provided by the supercapacitor,
while the regenerative braking energy could flow to the super-
capacitor via the BEC. In these cases, the effect of the startup
mode and the braking mode on the grid current can be neglected,
as shown in Fig. 15(a)(i). When the locomotive is operating in
the startup mode, the reference amplitude of the active current
Ip is set to 32.14 A provided by phases b and c together, while
the reactive current is not required. To balance the supercapac-
itor SoC between phase b (phase c) and phase a, additional dc
circulating currents are required to be injected in three phases.
According to (21), the three-phase reference circulating currents
are set to —4.63, 2.32, and 2.32 A, respectively. Similarly, when

4=170ms

T T T
200 300 400 500

time(ms)

T
0 100

Fig. 16.  Three-phase supercapacitors SoC in extended operation mode.

the locomotive is operating in the braking mode, the reference
amplitude of the active current Ip is set to —32.14 A, and the
three-phase reference circulating currents are set to 4.63, —2.32,
and —2.32 A, respectively. The experimental waveforms of the
compensation currents and three-phase circulating currents are
shown in Fig. 15(a)(ii) and (a)(iii), respectively. It is obvious that
the BEC could not only provide the bidirectional power flow, but
also keep the SM capacitor voltages balanced around the refer-
ence value of 90 V. The maximum ripple values of each phase
SM capacitor voltages are 2.56, 5.93, and 6.20 V, respectively,
in the startup mode and 2.24, 5.53, and 5.66 V, respectively, in
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Fig. 17. Experimental results of the MMC with the SCESS-based RPC in the mixed operation mode. (a) Currents: (i) three-phase grid currents, (ii) compensation

currents, and (iii) three-phase circulating currents. (b) Three-phase SM capacitor voltages: (i) phase a, (ii) phase b, and (iii) phase c. (¢) Three-phase output multilevel

voltage: (i) phase a, (ii) phase b, and (iii) phase c.

the braking mode. It is noted that when the MMC-SCESS-based
RPC is operating in the extended mode, the SM capacitor volt-
age fluctuations of phases b and c are significantly larger than
those of phase a, as shown in Fig. 15(b); this is because whether
the MMC-SCESS is operating in the startup mode or the braking
mode, the power interaction occurs among phase b, phase c, and
the locomotive directly. The three-phase output multilevel volt-
ages are also not uniformly distributed, as shown in Fig. 15(c).
Fig. 16 shows the variation curves of all supercapacitor SoCs
of three phases under different operation modes. To verify the
SoC balance control methods in the extended mode, the initial
imbalance of each supercapacitor is achieved by charging or
discharging supercapacitor independently before experiments.
When the locomotive is operating in the startup mode, the SoC
would be decreased; when the locomotive is operating in the
braking mode, the SoC would be increased. Furthermore, all
supercapacitor SoCs gradually tend to the same level with the
balance control methods. It is worth to mention that when the
locomotive is operating in the normal mode, i.e., the supercapac-
itor does not work, the supercapacitor SoCs still show a slight
decrease due to self-discharge.

The experiments of the MMC-SCESS-based RPC in different
operation modes at the same time (mixed mode) are carried out,
and the corresponding results are shown in Figs. 17 and 18,
respectively. We assume that both locomotives A and B turn
into the normal mode at t = 10 ms with a constant power of
5 kW. Then, locomotive B turns into the braking mode at t =
170 ms with a constant power of 2.5 kW, of which 40% flows to

49.8 4
49.7 4=170ms + £=330ms
S
T 49.6
=3
5]
49.5
49.4 T T T T >
0 100 200 300 400 500

time(ms)

Fig. 18.  Three-phase supercapacitors SoC in mixed operation mode.

locomotive A for power supply and 60% flows to supercapacitor
for energy storage. Finally, locomotive B stops operating at t =
330 ms.

When locomotive B is operating in the normal mode or the
stop mode, the MMC-SCESS-based RPC is mainly responsible
for NSC compensation to reduce the unbalance of three-phase
grid currents, as shown in Fig. 17(a)(i). When locomotive B
is operating in the normal mode, the reference amplitudes of
the active current /p and the reactive current /g are set to 0
and —37.11 A, respectively. According to (14), the reference
three-phase circulating currents are —4.63, —4.63, and 9.26 A,
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respectively. When locomotive B is operating in the stop mode,
the reference amplitudes of the active current /p and the re-
active current /o are set to —32.14 and —18.56 A, respectively.
According to (14), the reference three-phase circulating currents
are 4.63, —9.26, and 4.63 A, respectively. When locomotive B
is operating in the braking mode, the MMC-SCESS-based RPC
is responsible for not only NSC compensation, but also regen-
erative braking energy utilization at the same time. Considering
that 40% of braking power (i.e., 1 kW) flows to locomotive A
for power supply, the reference amplitudes of the active current
Ip and the reactive current I are set to —38.57 and —14.85 A,
respectively. According to (14), the reference three-phase cir-
culating currents are 6.48, —10.19, and 3.70 A, respectively.
Considering that 60% of braking power (i.e., 1.5 kW) flows to
supercapacitor for energy storage, the reference amplitude of
the active current Ip is set to —19.28 A provided by phases
b and c together. According to (21), the three-phase reference
circulating currents are set to 2.78, —1.39, and —1.39 A, re-
spectively. Therefore, after synthesizing the reference values of
the above two considerations, the final reference amplitudes of
the active current /p and the reactive current I provided by
phases a and c together are —38.57 and —14.85 A, respectively,
and those provided by phases b and c together are —57.85 and
—14.85 A, respectively. The final three-phase reference circu-
lating currents are set to 9.26, —11.58, and 2.31 A, respectively.
The experimental waveforms of the compensation currents and
the circulating currents are shown in Fig. 17(a)(ii) and (a)(iii), re-
spectively. The SM capacitor voltages are well balanced around
its reference value of 90 V, as shown in Fig. 17(b). It is worth
to mention that the SM capacitor voltages balance in the mixed
mode is ensured by the BEC controller. The three-phase out-
put multilevel voltages are also not uniformly distributed, as
shown in Fig. 17(c). Fig. 18 shows the variation curves of all
supercapacitor SoCs of three phases under different operation
modes. Due to a part of the braking power flowing to the su-
percapacitor in the mixed mode, all supercapacitor SoCs are
increased and tend to the same level with the balance control
method.

All the above experimental results verify the effectiveness of
the proposed current tracking control methods and SoC bal-
ance control methods in the extended (or mixed) operation
mode.

VI. CONCLUSION

This paper has investigated an MMC-SCESS for the RPC. In
this case, the MMC-SCESS-based RPC could not only provide
the ability of NSC compensation, but also achieve the energy
storage or energy release for the regenerative braking energy
or startup energy of the traction locomotive. First, the mathe-
matical models of the MMC-SCESS-based RPC incorporating
the MMC and the BEC are studied. Then, the power flow and
the reference circulating current are analyzed and deduced un-
der different operation modes. The balance control methods are
presented for the SM capacitor voltage balance and the super-
capacitor SoC balance, which are associated with the operation
modes. Furthermore, an MPDCC method is also presented for
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the MMC-SCESS-based RPC to ensure the current tracking per-
formance. Finally, the effectiveness of the investigated MMC-
SCESS-based RPC and the proposed control methods is verified
by experimental results of a downscaled prototype.

APPENDIX 1

Assuming that the initial phase angle of phase a of the grid
side is zero, the initial phase angles of secondary voltages of the
V/V transformer are

eac = -
ebc =

According to (9), the fundamental components of the arm
voltage are

(Ta)

[NERIE]

Uy = %Ussin (wt)
ap = %Ussin (wt — %7‘(’) (Ib)
Ue = %Ussin (wt — %77).

The positive-sequence circulating current and the negative
circulating current are expressed as

iza+ = IZ_;,_SiIl (wt -+ 0.;,.)

igbt = Lppsin (wt + 04 — 27/3) (Ic)
tper = Ipysin (wt + 04 — 47/3)

iga = I,—sin (wt + 6_)

igb— = I,_sin (wt + 0_ — 47/3) (Id)

ige— = I,_sin (wt + 0_ — 27/3).
The deviations of arm instantaneous power introduced by in-
jecting the circulating currents are shown as
AP, = 2Uyiygay = f%USIZ_s_ (cos (2wt + 04) — cosb)
AP,y = 2iipig, = —%USIZ+
x (cos (2wt + 04 —4mw/3) — cosby)
AP, = 2icizey = —%USIZJr
x (cos (2wt + 04 —27/3) — cos b))

(Ie)
AP, =20y = —%USIZ, (cos (2wt +6_) —cosb_)
AP, = 20yiy,- = *%USIZ—
x (cos (2wt 4+ 0_) — cos (0 — 27/3))
— 97 4 — 1
AP, = 2y = —%USIZ,
x (cos (2wt 4 0_) — cos (0_ —4w/3)).
(If)

According to (Ie) and (If), the deviations of arm active power
introduced by injecting the circulating currents are given as
Paifra = AJ?H + A]? = %USIH cos 9++%USIZ_ cos 6_
Pyis, = APy + AP, = %USIH cos 6
+ﬁUSIZ, gos (0- —27/3)
Piige = APey + AP, = %USIH cos 64
+%USIZ, cos (0_ —4m/3).
(Ig)
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