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ABSTRACT Low frequency oscillation (LFO) in the electric multiple units (EMUs)-traction network cas-
cade system (ETNCS) can lead to traction blockade and abnormal operation. Using the Chinese CRH3 EMUs
as an example, a new LFO suppressing method by applying the energy storage (ES) device on EMUs is
proposed in this paper and the ES is connected to the DC-link on board. The equivalent model of the
ETNCS is established at first. The critical condition of LFO in the ETNCS is analyzed via impedance
ratio criterion and Bode diagram. Then, the proposed on-board bidirectional DC-DC converter integrated
with the ES system is controlled via a virtual DC machine (VDCM) strategy, and the VDCM small signal
model derivation and the parameter design are carried out. Using the Bode diagram of the impedance
ratio, the system stability with the ES device controlled by the proposed VDCM scheme is analyzed again;
simulation results verify the effectiveness of the control algorithm to suppress the LFO adaptively. Compared
with the traditional PI controller, the system steady-state and dynamic performance can be improved with
the proposed method, including decreased overshoot, fluctuation, response time, and increased gain margin
of the DC-link voltage.

INDEX TERMS Traction power supply, electric multiple units traction network cascade system, low

frequency oscillation, energy storage, super capacitor, virtual DC machine, stability analysis.

I. INTRODUCTION

Due to the electrical parameter mismatch of the electric
multiple units (EMUs) and the traction network, network
voltage and current fluctuations, and corresponding over-
voltage or over-current traction blockade caused by Low
frequency oscillation (LFO) occurred frequently in recent
years [1]-[6]. Both the voltage and current of the traction
network were modulated by low frequency waves depending
on the types and locations of EMUs on line. Frequencies
of the LFO in some countries were mainly concentrated in
the band between 10% to 30% of the network fundamental
frequency [7]. However, in China, a lower frequency band
was found between 3 to 7 Hz, which was around 6% to 14%
of the network fundamental frequency [8].
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Time-domain analysis [9], pole analysis [4], [6], [10],
impedance analysis [11]-[15], have been applied to reveal
the mechanism of the LFO in the cascade system. It can be
found that the LFO is affected by the network-side and train-
side, or the ‘source’-side and ‘load’-side parameters simul-
taneously. Network-side parameters relate with the capacity
of traction substation and the length of the traction network
section, which are the representation of the source internal
impedance; while the number of running trains, control strat-
egy, topology and control parameters of the Four-Quadrant
Converters (4QCs) or the Line-Side Converter (LSC) of
certain train are the contribution terms on the train-side
impedance. It is impossible for the LFO to occur if the power
source is infinite and the source impedance is zero in the
ideal assumption. However, the actual power supply cannot
be infinite in reality. LFO appears as increasing the number
of EMUs connected to the network at the time of operation
preparation, i.e., the light load impedance further decreases
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because of the EMU parallel connection. In another word,
the source is relatively ‘weak’ compared to the ‘strong’ load
when the LFO appears. From the view of the LSC control
strategy of a train, it lacked damping to suppress the distur-
bance no matter it was the transient current control in the
CRH3 or the d-q decoupling control in the CRHS5 [16], [17].

In [16], the stability of the cascade system was analyzed
by the generalized Nyquist criterion and Bode diagram. Fur-
thermore, system stability estimation based on the coupling
impedance of the cascade system was proposed. However,
both the analysis and the estimation only considered the
internal current control loop. It is not accurate compared to
the closed loop analysis considering the outer voltage loop as
well. For the CRH5 EMU, an analytical impedance model
of the cascade system in the synchronous d-q frame was
proposed, which revealed that the Proportional-Integral (PI)
controller of the voltage loop control introduced negative
damping to the d-d channel impedance of the LSC in the
low frequency range [17]. However, the proposed virtual
impedance control would affect the dynamic performance of
the LSC in the operation state, or high-power state. Similarly,
methods of changing the control parameter or strategy, such
as adjusting the PI parameter of LSC controller [18], adopting
a multivariable control method [19] for the LSC, might not
be adaptive to all states, even though they can improve the
stability of the cascade system to suppress the LFO at the
low-power stage. In [20], [21], Active Disturbance Rejection
Controller (ADRC) has been applied in the LSC, the linear PI
controller has been changed to non-linear controller, where
the parameters change with the feedback error. ADRC is an
adaptive controller, it overcomes the contradiction between
the overshoot and rapidity of the traditional PI controller,
and improves the ability of the controller to suppress large-
scale disturbance. However, it is difficult to perform the
parameter setting and system stability analysis for this non-
linear controller. Another adaptive control strategy of the LSC
has been studied to suppress LFO, i.e., a direct power control
based on Model Prediction Control (MPC) [22]. In the d-q
decoupled system, active power and reactive power predic-
tive control were introduced in the outer voltage loop of
the LSC. This method directly controls the predictions of
active and reactive power without the need of inner current
loop control. However, the DC voltage overshoot was large
in the starting stage, and there were high-order harmonics
presented in the united simulation of the ETNCS. At the
same time, it also lacked the stability analysis of system by
using this non-linear control. LFO can also be suppressed
by injecting the current with the same oscillation frequency
and opposite phase into the system or compensating the
oscillation reactive power through Active Power Filter (APF),
Static Synchronous Compensator (STATCOM) or Static Var
Generator (SVG) [23]-[25]. However, there is the need of
the equipment installation at the network high-voltage side,
which is expensive.

In conclusion, to suppress the LFO of the cascade sys-
tem, it is essentially to increase the system damping. It is
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easier, however very limited, to increase the system damping
through changing the control parameters or strategy of the
LSC. Furthermore, there is a tradeoff between the adaptability
and the practicality to change the control parameters or strat-
egy. Adaptability reflects in two aspects: the LSC control
considers both the low-power start-up and high-power oper-
ation states; the LSC control adapts different application sce-
nario, such as different types of trains with different controls.
Finally, it can even bring additional voltage fluctuation with
other frequencies into the system with the improper control
parameter setting. For the method of installing additional
reactive power compensation device at the network high-
voltage side, it is expensive and might also lead to new
instability issue if the device is parallel connected with EMUs
due to the shortage of inertia in power electronic devices.
Therefore, there is still the need to explore one adaptive
method to improve the stability and reliability of the cascade
system.

When the LFO occurs, not only does the network voltage
and current oscillate, but also the DC side voltage of the LSC
fluctuates accordingly, which is due to the tracking perfor-
mance of the LSC control. Therefore, this paper proposes a
LFO suppressing method by suppressing the LSC DC side
oscillation based on the on-board energy storage (ES) device.
Compared to the method of centralized compensation of sys-
tem overall reactive power, the distributed on-board ES just
needs to suppress the DC-link fluctuation of certain motion
unit itself, and its capacity is small. Aiming at the system
problem of low damping, the virtual DC machine (VDCM)
control strategy for the double directional DC-DC converter
is proposed. VDCM control simulates the inertia and damp-
ing of DC machine and has good steady-state and dynamic
performance, which can keep the DC-link voltage stable and
further balance the power transport of the LSC. Furthermore,
the on-board ES can also be used to store and then regenerate
the braking energy of the train. The on-board supercapacitor
ES system has been used in China subway train for regen-
erating the braking energy [26], however, the application of
the on-board ES for the EMU train relatively falls behind
due to high power and capacity requirement of the ES. China
National key Research & Development plan is carrying out
the development of high power and density ES power supply
on board for hybrid-drive EMUs to provide short-term power
by using the regenerated braking energy through ES [27]. The
ES capacity requirement to suppress the LFO is much smaller
compared to the one for regenerating the energy. Therefore,
the proposed on-board ES method for suppressing the LFO is
practical and this function can be combined with the energy
regeneration function in the later stage.

The rest of this paper is organized as follows. In Section II,
the equivalent mathematical model of ETNCS is established
by taking the CRH3 as an example. Based on the Middle-
brook impedance ratio criterion, the stability of ETNCS is
analyzed, and the critical condition for LFO of EMUs is
obtained. The LFO suppression strategy based on on-board
energy storage is proposed in Section III. The feasibility of
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FIGURE 1. Diagram of ETNCS.

the proposed method is verified by the parameter design of the
ES device, the modeling and stability analysis of the DC-DC
converter control strategy. In Section IV, the ETNCS simu-
lations validate that the proposed control strategy has LFO
suppression capability with better steady-state and dynamic
performance compared to PI control. Section V draws con-
clusion for this work.

Il. STABILITY MECHANISM ANALYSIS OF
(EMUs)-TRACTION NETWORK CASCADE SYSTEM

A. MODELING AND ANALYSIS OF CASCADE SYSTEM
CONSIDERING IMPEDANCE MATCHING

Fig. 1 shows the structure diagram of EMU-traction network
cascade system (ETNCS), including the traction power sup-
ply and one EMU.

The system topology is shown in Fig. 2, where all
the parameters are converted to the secondary side of the
on-board transformer. The output voltage of the substa-
tion transformer U, is connected with the on-board trans-
former via the equivalent impedances Zs and Z.q of the
substation transformer and the traction network respectively.
The grounding capacitance Ct is connected in parallel with
the train input. The power system equivalent impedance Zg
in the s-domain can be calculated using (1) [16]. Ly, is the
equivalent reactance of the on-board transformer. Zj, is the
equivalent input impedance of the unit 1, which is one of
the four power units in CHR3. Thus, the equivalent input
impedance of one CRH3 EMU can be expressed as Z;,/4.

Zos = (Zs + Zeq) [ ZCf
= (R + sLy) || (5°LiCt + sRICs + 1) (1

A two-unit topology is shown in Fig. 2 with two H-bridge
converter connected in parallel, representing one inverter and
four motors. The equivalent resistor Ry, is connected on the
DC side. Ry, is set to 1000 2 since the LFO occurs at the
time with small current and the equivalent load of inverter and
motor can be seen as pure resistor. Uy and Cq are the DC-link
voltage and supporting capacitor, respectively. L, and C; are
respectively the inductor and capacitor of the second-order
filter branch.

A double closed-loop transient current control strategy is
used in the CRH3 LSC, as presented in Fig. 3. It is noted that
the current reference I* is ignored during the train preparation
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FIGURE 2. Topology of ETNCS.

time due to the small value [28]. U :{Cis the reference voltage
of the DC link, U and I are the network voltage and current
respectively. G is the voltage loop PI link; G» is the sampling
delay link in both the voltage and current loops, and 7T, and
T; are the voltage loop and current loop sampling periods
respectively; G3 is the current loop proportional link; G4is the
PWM modulation transfer function, where Ty is the carrier
signal period, where Kpwm is the PWM equivalent gain, which
is the ratio of modulation wave amplitude to carrier wave
amplitude. It is supposed as 1 here; Gsis the transformer
inductor link; Ggis the switch link, where Sy, is the ideal
switch gain, which is the average value between the switching
function S, and Sy in a switching cycle. The value of 0.5 is
taken in the analysis since the switching function is either
in 0 or 1 state; G7is the equivalent impedance link of filter,
supporting capacitor and load.

Accordingly, the equivalent impedance of the LSC is
obtained as follows,

§2Lo(Tys 4+ 1)(0.5Tys + 1)(0.5Tys + 1)
$(0.5Tys + 1) [(Tys + 1(0.5Tgs + 1) — Kpwm]
KpwmKip [(Kups + Kui)SapG7 + 5(0.5Tys + 1)]
5(0.5Tys + 1) [(Tys + 1)(0.5Tas + 1) — Kpwm ]
()

Zin(s) =

The simplified expression is as follows,

Us 14+ G3G4G5(G1GrGeG7 + Gr)
Zin(s) = — = 3)
I Gs5(1 — G2Gy)

B. ANALYSIS OF IMPEDANCE RATIO CRITERION
The stability of the ETNCS can be analyzed by using the
impedance analysis method for a cascade system [29], [30].
The simplified impedance equivalent model of the ETNCS is
shown in Fig. 4.

Then, the traction network voltage is expressed as

Zin(5)/4 !
T = U@ @)
1n()/4 + Zos(s) [+ Tus)

where, Tm(s) = 4Zys(s)/Zin(s) is the ratio of the ‘source’
output impedance and ‘load’ input impedance. The system

Us(s) = Uy(s)
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FIGURE 3. Closed loop control diagram of LSC.
: 7 - JTTTTToTTmmmemsmsemmemeneny TABLE 1. Parameters of ETNCS.
; P N NN
! ) " > . L.
H * : Parameters Description values
, U : U, The secondary voltage of LSC 1550V
Uo S Z, /4 Traction Zeq Equivalent impedance of TN 6.05+j17.9 mQ
. = =) network : Equivalent impedance of traction 0.014j1.96 mO
7 () Z() """"""""" (TN) transformer
S A8
o8 n Cy Equivalent capacitance of TN 2.81mF
FIGURE 4. Equivalent circuit diagram of source-load. L, Equivalent inductance of on- 2.3mH
board transformer
R Equivalent resistance of on-board 0.1mQ
is stable when |Tm(s) <« 1| according to the Middlebrook " transformer :
criterion. LSC Ly Secondary filter inductance 0.84mH
With the increase of the number of trains, the equivalent circuit G Secondary filter capacitor 3mF
impedance of trains decreases, and |Ty(s)| increases to the Ca Support capacitor 3.3mF
value greater than or equal to 1, the ETNCS will become Ve The LSC de voltage ?ggg;
unstable. Suppose # trains are in same position of the traction R The load equivalent resistance
. . . T, ing ti 0.1
network for the running preparation, the load impedance for A Voltage sampling time o lms
] 1 1 i .ims
the traction power supply system can be expressed as Zi,/4n. , Currém S_ampllflgdt‘me s
. . . .8oms
Suppose the transformer turns ratio is k, the equivalent PI ‘ AITICr pero
. s . . Kpwm Equivalent gain of PWM 1
impedance Z;,’ of one EMU converted to the primary side of LSC i
be d bed Ky Proportional of voltage controller 0.5
can be described as
’ ui Integral of voltage controller 5
7/ k 2Zin (s) ) Kip Proportional of current controller 0.8
mo e 4p

Substituting (3) into (5), the impedance ratio of the ETNCS
can be written as,
Zos(s) _
Z

4nGs(1 — G Gy)
k2(1 + G3G4G5(G1G2G6G7 + G2))
(6)

™ =

Zos(s)

C. STABILITY ANALYSIS
According to the field test data of LFO in reference [1]-[3],
the actual location of LFO, the length of adjacent traction
substation, transmission line and the device parameters of
LSC are extracted. The parameter of (6) for CRH3 ETNCS
is shown in Table 1 for calculating the impedance ratio Ty of
the EMU [16].

The Bode diagram of the Ty is shown in Fig. 5 when
increasing the number of train from 1 to 6. It can be seen
from the Bode magnitude diagram that a peak is shown at the
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low frequency band. With the increase of n, the magnitude
Bode plot moves closer to 0 dB, which means the stability of
the ETNCS becomes worse. When the number of EMUs is
6, the peak crosses 0 dB line, indicating the instability of the
ETNCS and the occurrence of the LFO.

Fig.6 shows the Matlab/Simulink simulation model of the
ETNCS, which is used to reproduce the LFO. Network elec-
trical and LSC control parameters are listed in Table 1. The
chain network model has been used to simulate network
multi-conductor transmission lines, which is an accurate trac-
tion network model [16]. In this study, the traction network
is equivalent to a resistor and an inductor by Thevenin’s
theorem to facilitate the analysis as some other LFO analysis
models [16], [22].

The Bode diagram analysis shows that the critical con-
dition to occur LFO for the CRH3 is that 6 EMUs raise
the pantograph at the same time. Therefore, 5 and 6 EMUs
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FIGURE 5. Bode diagram of the impedance ratio of ETNCS.
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FIGURE 6. Diagram of train-network cascade system simulation model.

are connected to the traction network respectively in the
simulation to show the difference of the voltage and cur-
rent waveforms at both sides of the train and the network.
Fig. 7(a) and (b) show that when 5 EMUs are connected to
the traction network at the same time, the electrical quantities
at both sides of the train and the network will start to oscillate.
After 0.2 s, the oscillations will disappear and the system
will return to a stable state. When 6 EMUs are raising the
pantograph at the same time, the electrical quantities at both
sides of the train and the network will continue to oscillate
at a low frequency during all the time. Furthermore, it can
be seen that LFO occurs synchronously at all links including
the transformer inputs (network voltage and current), the AC
inputs and DC outputs of the LSC when 6 EMUs are prepar-
ing, which are shown in Fig.7 (c) and (d).

The harmonic spectrum in Fig. 8 (a) shows that the mag-
nitude of harmonic component of the network voltage is very
low when the train is running stably. The harmonic spectrum
in Fig. 8 (b) shows that the frequencies of the inter harmon-
ics of the network voltage are symmetrically distributed on
both sides of the fundamental frequency, which are 44Hz
and 56Hz respectively. It indicates that the amplitude of the
fundamental wave is modulated by the 6Hz low frequency
wave. In addition, there is a 6Hz low-frequency component
in the network voltage. The simulation results are consistent
with the critical conditions of LFO obtained by theoretical
analysis. At the same time, the simulation waveform are close
to the measured waveforms in reference [16], which verifies
the reliability of the model established in this paper.
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FIGURE 7. Waveforms of electrical quantity of the ETNCS.

Ill. CONTROL STRATEGY OF LOW FREQUENCY
OSCILLATION SUPPRESSION BASED ON ON-BOARD
ENERGY STORAGE DEVICE

Traditional control methods can be summarized as the
impedance match by changing the control parameters or strat-
egy. However, it is difficult to consider both the steady state
and dynamic performance of the EMUs. The ES system
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FIGURE 9. Electrical fluctuation at the DC side of LSC.

can compensate the energy exchange during the disturbance
stage through certain control strategy, suppressing the power
fluctuation and the caused LFO. However, some ES devices
such as the battery are not quick enough for compensating a
disturbance with quick change [31]. Super-capacitor (SC) has
the advantages of long service life, high power density and
high charge discharge efficiency. Therefore, SC is chosen as
the ES device.

When the LFO occurs, the DC-link voltage and current in
the control loop will also show the LFO. The DC voltage
and current waveforms and the corresponding power fluc-
tuation in the simulation when the LFO occurs are shown
in Fig. 9 and Fig. 10. It can be seen that the DC side power
fluctuates in the similar frequency of around 6 Hz as the line
side of LSC, and the power peak is 1210 W.

From Fig. 3, it can be seen that the DC voltage is the feed-
back in the voltage loop of the LSC, so the DC voltage distur-
bance directly affects the stability of the system. Therefore,
it is effective to improve the stability of the DC-link voltage
to suppress the LFO. As shown in Fig. 11, the ES device is
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FIGURE 11. Structure diagram of ETNCS based on on-board energy
storage device.

now connected with the DC link of the LSC. The ES device
will provide a discharging power to compensate the power
fluctuation.

The DC-side voltage and power of the LSC respectively are
3000 V and 9000 W during the pantograph lifting preparation.
The SC is connected with the DC link through a buck-boost
bidirectional DC-DC converter. In order to make the output
voltage of the ES converter reach 3000 V quickly, the SC
should be charged and discharged continuously. According
to the power conservation, the steady value of the discharge
current of the SC is 22.5 A; and it should fluctuates around
22.5 A reversely with the DC-link fluctuation.

The capacity of the SC is designed according to the maxi-
mum duration of the LFO, which was around 120 s [1], [2].
Therefore, the SC with the total capacity of only 0.75 A-h
is needed for each DC link. The total capacitance of 6.75 F
can be derived after converting capacity unit of ampere-hour
to Coulomb and then dividing by the SC input rated voltage
of 400V. Considering the margin, the 8 F SC is chosen for
each DC link, corresponding to 150 series connected SCs
when a single SC is 1200 F/2.7 V. SC module of BCAP
1200 made by Maxwell Technology Co. Ltd can be selected
as the on-board ES device [32]. The parameters are shown in
the Table 2. SCs with 150 units have been arranged into a SC
pack with the volume of 750*500*108mm. The cost of each
ES device is low, containing chassis, SC pack, DC converter,
radiator, and control and protect circuits, etc. There are four
DC links for each EMU, i.e., four ES devices are needed for
each EMU.

Fig. 12 is the topological diagram of the EMU connecting
with the ES converter. The VDCM is an effective control
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TABLE 2. Parameters of ES device.

parameters Values parameters Values
rated voltage 2.7V diameter 50mm
rated .
. 1200F height 108mm
capacitance
maximum number of
. 1440F . 150
capacitance series
ESRpc 0.58mQ size of ES 750*500*108mm

usable specific .
5.8kW/kg weight of ES 39kg

power

|

T
Current

YYy
KSESES

s

v

=

J
<
L

Current
measurement | |
H measure-

Voltage J G ment Voltage
-+{ measure- =
measure
ment
( % -ment

FIGURE 12. Topology of LSC based on on-board energy storage.

method of the bidirectional DC-DC to keep the DC link
voltage stable compared to other methods [33]. The tradi-
tional double closed-loop control based on PI and droop
control [34]-[37] lacks inertia and damping, which makes it
limited to keep the stability of the DC-link voltage. Here the
VDCM control is used to control the on-board ES converter
to verify its function of keeping the DC-link voltage stable
through the inertia and damping control; and the ES could
provide the suppression energy needed by the control.

A. WORKING PRINCIPLE AND MODEL DERIVATION OF
ENERGY STORAGE CONVERTER

In order to avoid frequent charge and discharge of the ES,
voltage hysteresis control is applied to determine whether the
ES works or not.

As shown in Fig. 13, when DC voltage variation |AUgc|
is smaller than 0.1(unit value), it means there is no LFO.
Then the state switch S = 1, the LSC works normally
and there is no need to use the ES. When the DC voltage
variation |AUgc| > 0.1 (unit value), S = 2, the LSC and ES
converter work together in the second mode, which means
he LFO occurs. The ES converter quickly compensates the
fluctuating power to realize the DC voltage stability. The DC
voltage signal is then fed back to the voltage loop controller
of the LSC; the oscillation signal is compensated to make the
control more stable.

The LFO causes the oscillation of the output power AP,
of the LSC. In order to suppress the DC power oscillation
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and then stabilize the DC voltage fluctuation, the ES device
should timely output the power Pgs opposite to the oscillation
power to reach the power balance, which is shown in the
Fig. 14.

When the ES controller detects that the actual value of
DC-link side voltage is higher than the upper limit threshold
| + AUqc| of the given value, the converter works in the
buck state; when the ES controller detects that the actual
value of DC-link side voltage is lower than the lower limit
threshold |-AUgc| of the given value, the converter works in
the boost state. The equivalent transformation of its working
mode is shown in Fig. 15. Assuming that the flow direction
of the inductive current in the buck state of the converter is
positive, the inductive current has both positive and reverse
directions in one switching cycle. The power flow direction
is determined by the integral of the inductive current to the
time in one cycle. Therefore, there are four working modes
of ES converter in alternate working state.

B. ANALYSIS OF VIRTUAL DC MACHINE

Based on the characteristics of DC machine, the VDCM
model of ES converter is shown in Fig. 16. The equivalent
two port network of the ES interface converter simulates the
inertia and damping characteristics of the DC machine.

E is the armature induced electromotive force; R, is the
equivalent resistance of the armature circuit; 7, is the armature
current and it is also the DC-link current; U is the SC
output voltage; Iy is the SC output current; Ug, is the DC-link
voltage; C is the capacitor connecting with the DC-link and
the value of 3mF is taken for smoothing Uy.; P, is the ES
side active power; Pjoaq is the exchange power between the
ES and DC load.

The VDCM model can be described by the mechanical
rotation equation of the DC machine and the potential balance
equation of armature circuit, written as,

Thm — Te — D(w —
di . m e (w — wp) )
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(a) [0~1]:S, is zero voltage on, i flows (b) [t;~1]: S is on, and /| increases

continuously through D, reversely

(¢) [a~1:]:S; is zero voltage on, i (d) [t3~14]: S,is on, and i, increases

flows continuously through D, forwardly

FIGURE 15. Four working states of ES converter in alternating working
state.
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FIGURE 17. Block diagram of traditional double closed loop constant
voltage control.

where, J is the moment of inertia, D is the damping coeftfi-
cient; Ty, and T, is the mechanical torque and electromagnetic
torque of the DC machine, respectively, w is the actual rota-
tional angular speed, wy is the rated angular speed, Pe is the
electromagnetic power.

The balance equation of electromotive force is as followed,

Udc =F - RaIa

8
E =Crdow ©

where, Cr is the torque coefficient and @ is the flux per pole.

C. SMALL SIGNAL ANALYSIS AND PARAMETERS

The ES converter adopts traditional double closed-loop
constant voltage control, and the block diagram is shown
in Fig. 17. The stability of DC voltage can be maintained
by adjusting the outer DC voltage loop and the inner current
loop, where, Us.r is the reference value of DC voltage and /ref
is the reference value of inductance current.
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s

FIGURE 18. Block diagram of VDCM.

On the basis of above traditional control, the VDCM is
realized, which is shown in Fig. 18. Where, AP is the power
deviation; ATy, is the torque deviation; Aw is the angular
velocity deviation. In the DC-link voltage regulation part,
the link voltage feedback value Uy, is compared with the link
voltage reference value Us.t, and the PI controller of voltage is
used to adjust the DC-link voltage and generate the mechan-
ical power deviation AP; the VDCM module conducts the
control according to the moment of inertia and damping
coefficient similar to the characteristics of the DC machine
shown in (7) and (8), so as to improve the stability of the DC
voltage. To balance the power, the current regulator converts
the armature current to the reference value of the input current
through Uyef/Ugc, and obtains the required control signal
through current PI controller and PWM modulation.

Fig. 18 shows that when the DC side load has power fluc-
tuation, the ES converter adjusts the actual angular velocity
w according to the mechanical rotation equation, and then
adjusts the induced electromotive force E to respond to the
corresponding voltage disturbance.

Combine (7) and (8), let Aw = w — wy, it follows that,

. Ci®’wy CiP*Aw
JAG =Ty — - —DAw )
R. R
Add disturbance to (9), it follows that,
) . A CEOwy
a
C20%(Aw + Ad
_ Gro )_D(Aw+A&))
Ry

(10)

Separate the disturbance and make variable substitution,
so that,

Cid*Aw

JAw =Ty —
1) m R,

— DAw (11)

By performing the Laplace transform of (11), the transfer
function of the /D module in the VDCM module is obtained,
Ra

G =
D) = e (Crd)? 1 DR,

(12)

Eq. (12) shows that JD module is approximately a first-
order inertial link with an ES element, where the rotational
inertia J is equivalent to the inertial time constant of the
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FIGURE 19. Small signal model of VDCM.

first-order inertial link. It can be seen from Fig. 14 that the
relationship between DC voltage and power is shown as,

:Pload_Po (13)

Therefore, the voltage fluctuation caused by unbalanced
power is mainly related to the DC side capacitance. The
larger the capacitance value, the greater the system inertia.
However, in the actual DC converter system, the capacitance
value is small, which is only 3 mF here; the link voltage is
still vulnerable to disturbance.

According to (8), the Uy, can be expressed as,

Usc = C1Pw — IR,y (14)

Do the angular frequency deviation on both side of (14),
the change rate of voltage with angular frequency is obtained,

— =C7® (15)
dw

Derived from Fig. 18, the small signal model of the VDCM
module is shown in Fig. 19.

The transfer function between the output voltage deviation
AE of the ES converter and the DC-link voltage deviation
AUy is obtained,

AE(s)
AUqgc(s)
N UretCT cIDRa(kup_vdcmS + kui_vdcm)
JRyw0s? + (C3D2wy + DRywo)s

The control parameters should be designed according to
the dynamic response of the ES device to suppress the LFO.
Fig. 20 shows the root locus chart of the VDCM transfer
function. Within a certain value range, the increase of J
and D can enhance the stability of the system. In addition,
the selection of J and D should make the system poles close
to the real axis and away from the virtual axis to avoid large
oscillation. However, parameters should also be reasonably
designed according to other control requirements. According
to the power-frequency droop characteristic of the VDCM, D
is the ratio of the electromagnetic torque change and angular
frequency change, where the torque corresponds to (7). The
expressions can be defined as,

AT APget
Aw  27fy - 2w Af

The power AP at the DC-link is 9000 W, and the torque
should fully respond when the oscillation frequency changes
in the range of 2%, then D should be 4.6 according to (17).

The value of inertia J is related to the time constant z; of the
power-frequency regulation. The expressions can be defined
as,

Gvpem(s) =

(16)

a7

J=1-D (18)
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FIGURE 20. Root locus of VDCM with different parameters.

When J is too large, the overshoot may be formed in the
response and the response time will be long. Take all above
factors into consideration, parameters J and D are designed
respectively as 8 and 5.

D. STABILITY ANALYSIS INTEGRATED
WITH ENERGY STORAGE
When the ES converter and the LSC work together, according
to the proposed control strategy, the ES converter is used
to suppress the DC voltage fluctuation, and the DC voltage
signal is fed back to the voltage loop of the LSC to suppress
the LFO. The control block diagram is shown in Fig. 21.
After further transforming, the transfer function of the
equivalent input impedance of the LSC after adding the ES
converter can be obtained from Fig. 22, which is shown
in (19),

E 1 + G3G4Gs5(G1GrGeG7Gg + Gy)

Z!' (s) = = 19
in(®) I Gs(1 — G2Gy) (19
Zos(s)
™ = ;/

4nGs(1 — GoGy)
k2(1 + G3G4G5(G1G2GsG7Gg + Gr))
(20)

= Zos(5)

Therefore, the impedance ratio between the system output
impedance and the input impedance of the train is changed
to (20) after considering the ES converter. Fig. 23 shows the
impedance ratio Bode diagram of the ETNCS under differ-
ent conditions when 6 trains are lifting the pantographs at
the same time. The low-frequency instability point of Bode
magnitude diagram decreases from 0 dB to the below of 0 dB.
Compared with before compensation, the bandwidth is also
increased and the system stability is enhanced.

E. COMPARISON OF VIRTUAL DC MACHINE

AND PI CONTROL

Traditional DC-DC control of the ES converter includes the
voltage and current double closed-loop PI control and PWM
complementary control to realize the bidirectional power reg-
ulation [38]. The parameters of the P and VDCM controller
are shown in Table 3. Fig. 24 shows the Bode diagram com-
parison when the ES converter adopts the VDCM control and
the traditional PI control.
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FIGURE 22. Block diagram after transformation.
“ Bode Diagram TABLE 3. Parameters of VDCM and PI.
0 without E! e
E) Parameters Description values
2 U DC voltage of LSC 3000V
.EEH Usc The voltage of SC 400V
Wy Rated angular velocity 100z rad/s
J Moment of inertia 8kg-m’
0 VDCM D Damping coefficient 5
:3'" 1 . The product of torque coefficient
g <150 contro Cr and flux per pole 9.35
= 360 R. Equivalent resistance of armature 0.2Q
-540 Kup vdem Proportional of VDCM 1
10° 10' 107 10° k
Frequency (rad/s) ui_vdem Integral of VDCM 0.1
fs switching frequency 20 kHz
ZIn(.‘:lt.,l:aEr:Sén::)gdye;ti;arg;:r: ::i::e impedance ratio of ETNCS after adding fap Proportional of voltage controller 02
PI ki pi Integral of voltage controller 15
control Kip pi Proportional of current controller 1
Fig.24 shows that when six trains lift the pantographs, the Kii pi Integral of current controller 30

on-board ES based on PI control can make the low-frequency
instability point move down to —1.3 dB, which means the
system recovers to the stable state after adding the ES device.
However, the peak value of the instability point with the
VDCM control is reduced to —17.7 dB. What’s more, the gain
margin of PI control is 22.6 dB, and the gain margin of
VDCM is 32.5 dB. The VDCM control strategy can further
compensate the damping of the ETNCS by introducing the
damping coefficient D, which improves the stability margin
of the system.

The DC-link voltage dynamic responses based on these
two control methods are compared in Fig. 25. Their perfor-
mance values are given in Table 4.

VOLUME 9, 2021

TABLE 4. DC voltage control performance comparison of two control

strategies.
Method Overshoot  Settling Voltage sam phase
ctho (%) time/s  fluctuation/V ~ Toigm margin
/dB /deg
PI 243 0.45 +107 22.6 ©
VDCM 7.3 0.15 +29 325 ©

It can be seen from Fig. 25 and Table 4 that the voltage
overshoot with the ES converter based on the traditional PI
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FIGURE 24. Comparison of steady-state stability of two control methods.
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FIGURE 25. DC-link voltage waveforms with two control strategies.

control is 24.3%, and the one based on the VDCM control is
only 7.3%; the regulation time based on the VDCM control is
0.15 s, which is faster than the 0.45 s dynamic response speed
with the PI control; when there is a disturbance, the voltage
fluctuation under PI control is larger, however the VDCM
control is less affected. Therefore, the dynamic performance
of VDCM control is better than traditional PI control, which
can make the system reach the steady state quickly and
smoothly.

IV. SIMULATION VERIFICATION

The ETNCS with the on-board ES has been simulated again
by using above Matlab/Simulink model shown in Fig.6.
Parameters in Table 3 have been used in the PI and VDCM
controls of the ES converter.

When 6 or 7 EMUs lifting pantographs at the same time
with the light load, the ES device is put into operation at 0.5 s
in the simulation. Waveforms of the AC inputs and the DC
voltage output of the LSC are shown in Fig. 26.

Fig. 26 shows that the DC-link voltage reaches a stable
state within 0.25 s after the ES device is put into operation,
and there are no obvious low frequency harmonic compo-
nents anymore caused by the LFO even when 7 EMUs are
raising the pantographs at the same time, which can be seen
in Fig.27.

Fig. 28 shows the DC-link voltage waveforms when the ES
converter adopts traditional PI and VDCM control strategies.
When the ES device is connected to the DC side of LSC at
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FIGURE 26. Waveforms of electrical quantity of the ETNCS based on
on-board energy storage device.
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FIGURE 27. Spectra of the network voltages of ETNCS based on on-board
energy storage device.

0.5 s, the voltage controlled by PI method drops to 2429 V
and that controlled by VDCM method is 2767 V. Compared
with the traditional PI control, the proposed VDCM control
strategy can provide greater damping and appropriate inertia
for the system, which makes the DC side voltage dynamic
response better and the stability stronger when the ES device
is connected to the DC link. It is shown that the ES device
based on the VDCM control proposed in this paper can better
suppress the LFO of ETNCS.
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FIGURE 28. DC-link voltage waveforms with different control strategies.
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FIGURE 29. LFO critical condition of train number.

Fig. 29 shows the Bode diagram of the ETNCS after adding
on-board ES devices. The magnitude curve is below 0 dB
and the system is stable when 45 trains raise pantographs
at the same time. However, the curve peak passes through
0 dB when 46 trains raise the pantographs simultaneously.
Therefore, the critical number of trains without showing the
LFO after adding on-board ES devices is 45.

V. CONCLUSION

In order to suppress the LFO, the DC side power compen-
sation strategy of LSC based on on-board energy storage is
proposed. Traditional LFO suppression method of changing
the LSC control parameters or strategy is neither adaptive
nor practical. The ES device discharges according to the DC
voltage deviation. The suppressed DC voltage signal is fed
back to voltage loop of the LSC to realize feedback damping
compensation. Aiming at the problem that the traditional PI
control of the ES converter is not sensitive to power distur-
bance, a VDCM control strategy is proposed to adaptively
respond to DC side power fluctuation and maintain DC volt-
age stability. The stability criteria and simulation results show
that the proposed suppression method makes the ETNCS
have greater gain margin, which can accommodate more
EMU . In addition, compared with the traditional PI control,
the proposed VDCM control strategy has the advantages of
small overshoot, short adjustment time and good dynamic
performance.
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It should be noted that the proposed control strategy is not
limited to a single type EMUs, and it can be extended to other
systems by a simple redesign of the ES parameters. Further
work in this field can consider the optimization of the energy
management strategy of the ES after combining the function
of braking energy regeneration. On one hand, it can suppress
LFO and improve power quality during the start-up stage; on
the other hand, it can be responsible for the regeneration of
the braking energy during train deceleration operation. The
hybrid ES could also be considered in the future for taking
account both the high power and high energy density at the
same time.
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