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ABSTRACT To improve the performance of vehicle-grid system under multiple operation conditions and
suppress the low-frequency oscillation (LFO) in electrified railways, this paper proposed a control strategy
of electric multiple units (EMUs) traction line-side converter (LSC) based on sliding mode control (SMC).
First, the accurate model of EMUs is established and then the mathematical model of it in the d-g frame
is derived. Then, the application of sliding mode variable structure control strategy in the LSC of EMUs is
presented in detail, which includes the design of outer loop voltage sliding mode surface and inner loop
current control law. Moreover, the control performance for EMUs based on SMC and traditional linear
proportional integral (PI) control is compared under multiple operation conditions in the case of one traction
drive unit of EMUs and multi-EMUs, respectively. Finally, experiments are implemented on the hardware in
the loop simulation platform based on software StarSim. The experiments results show that, compared with
PI control, SMC owns better control performance, such as the lower total harmonic distortion of traction
line-side current under multiple conditions, lower voltage fluctuation when braking occurs, better anti-
interference ability with the change of system parameters, and can effectively suppress the LFO occurs
under operation mode.

INDEX TERMS Electrified railways, multiple operation conditions, sliding mode control, total harmonic

distortion, vehicle-grid system.

I. INTRODUCTION

In recent years, high-speed railways have developed rapidly,
and the alternating current-direct current-alternating cur-
rent (AC-DC-AC) trains have been vigorously developed.
AC-DC-AC trains have the characteristics of low harmonic
content on the grid side and high power factor, so they are
widely used in railways [1]. For the electric multiple units
(EMUs), the low-order harmonics in the grid-side current
are mainly odd harmonics, such as the 3, 5t 7t and oth
harmonics [2]. When EMUs are put into operation and run
under the traction or braking conditions, the traction power
of EMUs changes, and the total harmonic distortion (THD)
of grid-side current will change accordingly. The smaller the
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power is, the greater the THD of grid-side current is [3].
Moreover, EMUs also have the disadvantages of large over-
shoot when EMUs are powered and poor system robustness.
So, it is very necessary to improve the performance of the
vehicle-grid system.

Nowadays, the phenomenon of low-frequency oscilla-
tion (LFO) in vehicle-grid system has attracted researchers’
attention. LFO is characterized by the amplitude fluctua-
tion of voltage, current or other electrical quantities with a
synchronous oscillation frequency of 2-7 Hz [4]-[8]. It is
believed that the LFO is mostly caused by the mismatch
between the parameters of the traction network and the
control parameters of line-side converter (LSC) [9], [10].
At present, there are many methods to suppress the LFO.
In practical engineering, the simplest and easiest method
is to improve the control strategies of LSC. Liu et al.
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proposed two kinds of control strategies of LSC based on
extended state observer sliding mode control (SMC) and
extended state observer model predictive control, which
improved the performance of LSC and suppressed the LFO
successfully [11], [12]. Geng et al. adopted Hoo control to
obtain better dynamic and static performance and suppressed
the LFO effectively [13].

The LFO usually occurs when multi-EMUs are at standstill
in rail depots and rise their pantographs [14]. Although the
LFO happening when the EMUs are running has not reported,
some studies have pointed out the possibility of it [15]. In this
situation, serious harm will be caused to EMUs and traction
network and even passengers, so the researches on LFO are
necessary. In [11]-[13], the inverters and the motors are all
equivalent to linear resistances, since they are in inoperative
states, which makes the accuracy of system model very poor.
Besides, these papers only consider the LFO that occurs when
multi-EMU s rise their pantographs at the same time, but do
not consider that when EMUs are under operation mode.

SMC is essentially a special kind of nonlinear control.
The structure of this control strategy is not fixed, but can
be continuously and purposefully changed according to the
current state of the system during the dynamic process, which
can force the system to follow a predetermined sliding mode
state trajectory. The sliding mode can be designed regardless
of the systems parameters and disturbances, which indicates
that SMC has the advantages of fast response, insensitivity to
parameter changes and disturbances, simple physical imple-
mentation, etc. Hence, to improve the performance of vehicle-
grid system under multiple operation conditions, this paper
applies SMC in the control of the LSC of CRH3 EMUs.

The main contributions are presented as follows. First, the
concrete model of EMUs including a twofold LSC, a DC link,
a traction inverter and a traction asynchronous motor is taken
into consideration. Then, the control performance of SMC
under multiple operation conditions is verified by simulations
and hardware in the loop (HIL) experiments. Finally, it is
verified that SMC can effectively suppress the LFO occurring
when EMUs run in multiple operation conditions.

This paper is organized as follows. In Section II, the d-g
frame mathematical model of the single-phase LSC of EMUs
connected to the inverter and the motor is given. In Section III,
the SMC is designed for the LSC of EMUs based on the the-
oretical analysis. In Section IV, the simulation results of one
traction drive unit of EMUs based on SMC and proportional
integral (PI) control are presented and discussed in detail.
The control performance based on SMC and PI control under
multi-EMU s is also discussed. In Section V, the vehicle-grid
system is built in the HIL simulation platform, which verifies
the correctness of simulation results. Finally, the conclusions
are drawn in Section VL.

Il. MODEL OF ONE TRACTION DRIVE UNIT OF THE EMUs

In [16], the AC side of the inverter can be equivalent to a
three-phase AC voltage source e, (k = 1, 2, 3) in series with
three-phase loads R and L, as shown in Fig. 1. i} (k =1, 2, 3)
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FIGURE 2. Traction drive system for basic power units of EMUs.

represents the three-phase equivalent current of the motor.
Hence, the inverter and the motor can be equivalent to a
non-constant DC voltage source in series with a resistor.
Therefore, according to the substitution theorem, the load
branch composed of inverter and motor can be replaced with
the current source i;, as shown in Fig. 1.

According to [16], i; can be calculated as (1), where m is
the pulse width modulation (PWM) ratio of the inverter; ¢ is
time; 7 is the time constant of the transient component. p is
the AC counter electromotive force amplitude factor; w is the
angular frequency; Uy, is the DC-side voltage. 6 is the phase
difference between the vector of u; and e; (k = 1, 2, 3) and
y is the phase difference between the vector of iy and e; (k =
1,2, 3).

_ 3mPUg |14 p2—2pcost
1] =
: 8 R? + (wL)?

[eos @ +y) —e /T cos (@t +0 + )] (D)

In this paper, i; is measured directly and output to the
voltage controller of SMC, so the complicated model building
process is omitted. That is to say, the application of SMC in
the LSC of EMUs brings great convenience to the design of
the controller.

After replacing the inverter and the motor with the cur-
rent source i, the equivalent topological structure of one
traction drive unit of EMUs can be obtained. As shown
in Fig. 2, the topological structure of one traction drive unit
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FIGURE 3. Equivalent circuit diagram of EMUs.

of CRH3 EMUs is constituted by a twofold four quadrant
LSC in parallel, a DC link which consists of a secondary
filter and a capacitance, a traction inverter and four trac-
tion asynchronous motors. The double-PWM rectifier and
the secondary filter have the advantages of reducing system
harmonics.

Fig. 3 shows the equivalent circuit diagram of EMUs. ¢,
is the grid-side AC voltage; i, is the grid-side AC current;
L, and R, are the leakage inductance and leakage resistance
equivalent to the secondary side of the vehicle transformer,
respectively. C is the DC-side support capacitor. iy, is the
voltage between note a and note b, namely the input voltage of
the LSC. T, T», T3 and T4 are the four IGBTSs of the converter.

According to the topological structure in Fig. 3, the state-
space equation in (2) can be obtained.

diy .
nd_ = ey — Ryl — ugp
! )
dUdc . .
=g — 1
dr dc I
Substituting (10) into (11), we can obtain
L diy R
n dar €n nln — Uab
2 2 _
U 3m“Ug [1+p 2pcosb
Cg ~la—| 8 R+ (L)
. [cos O+y)—e /7 cos (wt+6 + )/)]

3

Since the switching signals of the upper and lower arms
of the rectifier must be reversed, the switching function is
specified as follows.

1, Tyi
Sa:! 1 is open

0, T, isopen

1
Sp = ’
.t

From Fig. 3, it can be seen that the input voltage u,, has
three levels: Uy, 0, —Uy.. Hence, there are four types of
effective switch combinations, namely S,S;, = 00, 01, 10,
and 11, so u,y, can be expressed as

ugp = (Sq — Sp) - Uqc (5)

T; is open
P @

T4 is open
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When SMC is adopted, the electrical quantity i, which is
expressed as iy is decoupled, and a virtual AC quantity ig is
formed which owns the same amplitude and frequency as i,
with the phase delayed by 90°. Other electrical quantities can
also be converted to the «-f frame in the same way. Then the
electrical quantities on the d-g frame can be obtained via the
Park transformation matrix in (6).

iqg | | cosg sin ¢ g | Iy
il Sulli]-enn] @
Combining (3) and (6), the mathematical model of EMUs

in the d-q rotating coordinate system is obtained as
diy

LHE = —Ryig + wLyiz +eq — SaUge
diy . .
L"E = —Ruig — wLyig +eq — S4Uygc
dUge . . 3m? Use |1+ :02 —2pcosd
CE=% = (Sgig + Sqig) —
7 (Saia + Sqig) 2 R 1 (o)
. [cos O +y)—e " cos (wt + 6 + y)]

(N

In (7), iy and i, are the decoupling components of i, in
d-q frame, ey and e, are the decoupling components of e,
in d-q frame, S; and S, are the system switching functions in
d-q frame.

Ill. APPLICATION OF SLIDING MODE VARIABLE
STRUCTURE CONTROL STRATEGY
IN THE LSC OF EMUs
Ideally, when SMC is adopted, if the state point of the sys-
tem runs in the area near the switching surface, it will be
attracted to the area and move according to the designed
sliding surface. To achieve SMC, there are two problems to
be considered: the existence problem and the reachability
problem. The existence condition of the sliding mode can be
expressed by (8).
lims-5<0 (®)
s—0

The design of the SMC consists of two parts. The first
part is the evaluation of the outer-loop voltage sliding mode
surface and the second part is the selection of the inner-loop
current control rate. The control goal of SMC in this paper is
to stabilize the DC-side voltage of the rectifier at 3000V, and
make the power factor of the grid close to 1, which means that
the reactive power in grid is 0 and i, = 0. The control block
diagram of SMC is shown in Fig. 4.

A. OUTER LOOP VOLTAGE CONTROL

The acquisition of the sliding surface is very important for the
control performance of the system. As illustrated above,
the control target of this paper is Uy and i4. Therefore,
Ugc and i are set as the output of the control system. & is
the derivative of Uy, which is dUgc/dt. eyqc, ey and eq
respectively represent the error of Uy, iy and dUgc/dt. Ugerey
igrer and @ are the reference values of Uy, iy and dUy./dt,
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FIGURE 4. Control block diagram of the LSC based on SMC.

respectively. Equation (9) gives the corresponding calculation
formula of the errors.

Cuge = Udc,p — Ude
eiq = iqref - iq (9)

€p = Gref — ¢

In order to obtain better control performance, the indepen-
dent variables of sliding mode surface function are usually
selected as the deviations of system state variables. In this
paper, corresponding to Uy and i, respectively, two sliding
surfaces s1 and s, are created as

si(ei,, )=0(ig,; —ig) =0
s2(eUy.> €ps )=01Udc,,; — tdc) + 02(rer — $)=0

In (10), o, o1 and o7 are the amplification gains. Reason-
able selection of the amplification gains can keep the system
running steadily with fast dynamic response. Simplifying
the second equation of (10), we can obtain

(10)

Udc)+ (¢ref $)=ey, +reg=0

(1D

SZ(eudcv €p, t) = (Udcrg/

where A is the time constant related to the first-order response
of the output voltage Uy.. In other words, A is the feedback
coefficient of SMC. The smaller A is, the faster the dynamic
response is. However, considering the dead time and the delay
of the switching device, A cannot be designed too small, oth-
erwise it is not conducive to reducing chattering. In addition,
(eudes €p, 1) = 01in (10) represents a first-order filter, then the
feedback coefficient A can be regarded as the inverse of the
cut-off frequency of this filter.
According to (9), (11) can be rewritten as

s2(evy., g, 1) = ey, + Aeg
(Udc,e,« — Uqe) + )‘«(d)ref - (b)

Udc,, dUd
= (UdCrgf o - <

Udc) + )L(

) (12)

From (3), we can obtain

2 2
dUp 1. 1 3m Udc\/l—f-,o —2p02059
a cecf| 8 R+ (L)
. [cos O+y)—e /T cos (wt+9+y)]
(13)
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Udcrer 1s a given constant, so dUgerr /dt = 0. Hence, (12)
can be rewritten as

SZ(eud(-a €p, t)
= (Udc,ef - Udc)

a| 34, 4 5
| =g+ =i
ctTch
1 3m*Uge | 14p%>—2pcosd
| 8 R2+(wL)? (14)
[cos (0+y)—e/Tcos (wt+6+y)]

Extracting iy in (14), we can obtain

Sqig N 3am?Uge [ 14p%—2pcosf
C 8C R2+(wL)?
[cos (0 + y) — e/ cos (wt + 6 + y)]

_C | (Udery = Udc) =
AS4

idref

—ig=0 (15)

where Uy, and i, are measured.

According to (15), iges can be obtained. According to
the principle of coordinate transformation power balance,
the expression of the switching function S; can be derived as

eq — Riy
Sa = Un (16)
From (7), we can obtain
dﬁ:—&i—i-wi + —e —lSU a7
e L, T LT

The transformer in EMUs has a large capacity, so the
resistance R, can be neglected. Ideally, di,/dt = 0 and
ey = 0, so the switching function §, can be obtained as

_ wLiy
1 Udc

Substituting (16) and (18) into (15), we can obtain the

expression of igyef.
c Udc

Idy = —X——7—
ref A eq — Ruig

(13)

3am?Uye [14p>—2pcos@
Uge.. —Uge
x | (Vdery = Vae)+ =4 R2+(wL)?
[cos (O+y)—e /™ cos (wt+0+)]

(19)

Fig. 5 shows the block diagram of voltage loop controller,
which is built according to (19). The voltage loop controller
provides the active current reference value for the current loop
controller.

B. INNER LOOP CURRENT CONTROL

In this paper, the exponential control law is chosen, as shown
in (20), which ensures the vehicle-grid system owns better
dynamic and static performance. —ks is an exponent term,
which makes the system state quickly approach the sliding
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FIGURE 5. Block diagram of voltage loop controller.
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FIGURE 6. Block diagram of current loop controller.

A 4

mode surface when the system state is far away from the
sliding mode surface; —esgn(s) is a isokinetic approach term,
which reduces the approach speed of the system state and
avoid strong chatter when the system state is closer to the
sliding mode surface. k and e are constants and they have a
wide range of choices, that is, 600 < k < 1000 and ¢ < 10°

§= —esgn(s) —ks (e> 0,k > 0) (20)

Applying the exponential control law to the two sliding
surfaces s1 and s, in (10), we can obtain

(e1 > 0,k; >0)
(er >0,k > 0)

§1 = —eysgn(sy) — kis;

. (21)
§2 = —epsgn(sy) — kaso

Substituting (21) into (9), the expression of the switch
function can be obtained as

eq — Ryiy — wLyig — k1Lys1 — eysgn(sy)

Sy =

Uge
eq — Ruig + wlyiy —CkanSQ — ezsgn(sy) (22)

Sy =
Uge

Then the two electrical quantities input to the PWM mod-
ule are obtained as

!quSquc 23)
ug = SaUde

Fig. 6 shows the block diagram of current loop controller,
which is built according to (22) and (23). Based on the Park
transformation, the rotating electrical quantities in (23) can be
converted into static electrical quantities. Hence, the switch
signals in «-B frame can be obtained.
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TABLE 1. Simulation parameters of EMUs.

System Value Control Value
Parameters Parameters
u,(v) 27500 K, 100
C(F) 0.005 K, 10
Uy, (V) 3000 T, (N -m) 2000
R,(Q) 0.145 K, 0.5
L,(H) 0.0023 K, 1
L,(H) 0.00084 K, 4
G, (F) 0.003 k (i=1,2) 800
T.(s) 0.00005 e (i=1,2) 0.1
- - A 9e-3
- - fi(Hz) 350
- - f(Hz) 500
4000 ‘
~ areal arca2
S P i w |
5] T T T T { I
K f 3100 = /
= 3050 |
> 20000 3000 bl o
= 2950 - sg/[c
“t 1000f 2900 — 1
8 Traction 4.56 . 4.58 ) 416 Conditions after
'ﬁnditioT"‘* U“'fom"‘m(’“("hrmursbraking occurs |
0 1 2 Time ©) 3 4 5

FIGURE 7. DC-side voltage of EMUs LSC under multiple operating
conditions.

IV. THE SIMULATION COMPARISON OF

CONTROL PERFORMANCE

The simulation models of EMUs based on SMC and PI
control are built in Matlab/Simulink, respectively. The motors
adopt indirect rotator field-orientation vector control strat-
egy [17], [18]. The key parameters of the simulation model
are shown in Table 1. T is sampling time. f; and f> are the
switching frequencies of the rectifier and converter, respec-
tively. K, and K; are the PI parameters of speed regulator
in the inverter. Tj;, is the limit value of the motor torque.
K, and K,; are the PI parameters of the voltage loop, K, is
the proportional parameter of the current loop. In this Section,
the performance based on PI control and SMC is compared.

A. COMPARISON OF CONTROL PERFORMANCE IN ONE
TRACTION DRIVE UNIT OF EMUs UNDER MULTIPLE
OPERATING CONDITIONS

1) THE WAVEFORMS OF U4 WHEN ONE TRACTION DRIVE
UNIT OF EMUs RUNS UNDER MULTIPLE

OPERATING CONDITIONS

Through setting the given speed of the motor at different
values, the EMU can run in different conditions. Fig. 7 shows
the simulation waveforms of the one traction drive unit of
EMUs under SMC and PI control. The EMU runs in the
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TABLE 2. Performance indexes of DC-link voltage under traction.

Control Overshoot Peak Response
strategy (%) time(s) time(s)
PI 6.07 0.12 0.36
SMC - - 0.188
3500 ; ; ; ; ;
~ — SMC
:
[}
o0

3000 s )J {WMNVV\MMWMM.WMMMVVMPN

2500 ‘ ‘ . s \
2.9 3 3.1 32 33 34
Time (s)

DC-link Volta

FIGURE 8. Magnified waveform of Uy in area 2.

TABLE 3. Performance indexes of EMUs under braking condition.

Control Voltage Peak valley Response

strategy fluctuation (V) ~N) time(s)
PI 36 3223 0.243
SMC 12 3119 0.018

traction state at 0-3s and regenerative braking occurs at 3s.
Specific comparison results are given in Table 2. As can be
seen, the control performance of SMC is better than that
of PI control. The waveform of U,. based on SMC has no
overshoot, but the overshoot based on PI control is 6.07%.
The response time for PI control is 0.36 s, whereas that for
SMC is only 0.188s.

As shown in the areal in Fig. 7, when the motor operation
mode transits from traction to uniform motion, U, under
PI control decreases at first and then increases. The reason
is that when the EMU runs in traction condition, the EMU
absorbs power from the grid side, and the input energy of
the rectifier is smaller than the output energy, which causes a
drop in Uy.. When the EMU operates in uniform motion state,
the output power of the rectifier decreases rapidly, which
causes a rise in Uyg.. In essence, under PI control, the power
of the rectifier cannot match the inverter well. However, with
SMC, the fluctuation of Uy, is decreased obviously.

Moreover, as shown in area 2 in Fig. 7, under PI control,
there is a large voltage fluctuation in Uy, as braking occurs,
the enlarged view of which is shown in Fig. 8. The specific
comparison results are listed in Table 3. As can be seen,
the peak valley of Uy, is 3223V under PI control, whereas that
under SMC is 3119V. U, returns to 3000V at 0.018s when
SMC is adopted. However, the response time under PI control
is 0.243s. Besides, the voltage fluctuation in stable state under
PI control is 36V, whereas that under SMC is only 12V.

2) THD OF GRID-SIDE CURRENT UNDER MULTIPLE
OPERATING CONDITIONS

When the EMU runs under different conditions, the THD of
the grid-side current of EMU is also different. When the EMU
runs under traction condition or braking condition, the THD

VOLUME 8, 2020
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FIGURE 9. Motor speed w, under traction condition and uniform motion
based on SMC.

of grid-side current increases [19]. Fig. 9 shows the waveform
of motor speed w, based on SMC. At 1.5s, a 1500N.m load is
added. At 0-4.2s, the EMU runs in traction condition. When
the w, reaches 200 rad/s, the EMU runs in uniform motion
condition.

Fig. 10 shows the waveforms and THD of the grid-side
current i; at 3.3-3.5s when the EMU runs under traction
condition based on SMC and PI control. It can be concluded
that when the EMU runs in traction condition, the waveform
of the grid-side current under SMC is more similar to sine
wave, and the THD is 26.59%, which is lower than that under
PI control. Therefore, the THD in traction condition can be
effectively reduced with SMC.

Fig. 11 shows the waveforms and THD of the grid-side
current i at 4.4-4.6s when the EMU runs at a constant speed
based on SMC and PI control. The waveform of iy under SMC
is closer to the sine wave, and the THD is 22.42%, which is
lower than that under PI control. Therefore, SMC can also
reduce the THD when the EMU runs at a constant speed.

Fig. 12 shows the waveforms of motor speed w, under mul-
tiple operating conditions based on SMC. The given speed
is set to 200 rad/s at Os and O rad/s at 3s. The load torque
(1500N.m) is added at 1.5s. As can be seen, w, rises from
0 rad/s to 210 rad/s during 0-1.5s. After the load is added, w,
drops from 210 rad/s to 200 rad/s and maintains at a constant.
w, starts to decrease at 3s and drops to 0 at around 3.6s.

Fig. 13 shows the active power and reactive power in grid
when SMC is adopted in LSC. It can be seen that, at 3s,
the active power changes from a positive value to a negative
value, which indicates that the energy is fed back to the grid
by the motors. That is to say, the regenerative braking occurs
at 3s. The reactive power is always kept at zero, so the EMU
absorbs almost no reactive power from the grid.

Fig. 14 shows the waveforms and THD of the grid-
side current at 3.1-3.3s when EMU runs under braking
condition based on SMC and PI control. The THD under
SMC is 32.14%, which is lower than that under PI control.
Therefore, the SMC can also reduce the THD under the
braking condition.

B. ENTI-INTERFERENCE ABILITY COMPARISON IN
MULTI-EMUs SYSTEM

In order to study the anti-interference ability of the system
with SMC and PI control when the equivalent inductance
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FIGURE 10. Line-side current waveform and its THD in traction condition based on (a) PI control (b) SMC.
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FIGURE 11. Grid-side current waveform and its THD under constant speed operation condition based on (a) PI control (b) SMC.
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FIGURE 12. Motor speed wy under multiple operating conditions based
on SMC.
R and L; are grid-side equivalent inductance and resistance,
of the vehicle-side L, changes, this paper builds a multi- respectively.
vehicle cascade system, as shown in Fig. 15, where n = 2. Fig. 16 shows the waveforms of Uy, under PI control when

All of the EMUs are connected to the traction network at 0s. L, is set as 0.003, 0.005 and 0.009, respectively, where the
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R,

Equivalent
Traction network

~)U,

FIGURE 15. The simplified vehicle-grid system.

TABLE 4. Main system parameters in simplified vehicle-grid system.

Parameters Value
R (Q) 0.145
L (H) 0.005
R, (Q) 0.145
L,(H) 0.0023

waveforms at 3s to 4s are amplified. We can see that when L,,
is increased, the deviation of U, becomes larger.

Fig. 17 shows the waveforms of U, based on SMC when
L, is set as 0.003, 0.005, and 0.009, respectively. Similarly,
the waveforms at 3-4s are amplified. We can see that, with
different L, the deviation of Uy, is basically the same, which
is £20V. Therefore, the system with SMC is less sensitive to
the change of L,,. That is to say, SMC has better anti-reference
ability.

C. SUPRESSION OF LFO DURING MULTIPLE OPERATION
CONDITIONS WITH SMC IN MULTI-EMUs SYSTEM

In order to verify the LFO suppression effect of SMC
under different operation conditions, this paper analyzes the
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FIGURE 17. Waveforms of the electrical quantities of EMUs when L,
changes with SMC.

performance of u,, i,, and U, based on SMC and PI control
when EMU s run in traction condition, uniform motion con-
dition and braking condition, respectively. The change of the
given speed is the same as that in Fig. 12.

1) CONTROL PERFORMANCE BASED ON PI CONTROL
Fig. 18 show the waveforms of the u,, i,,, and U . based on PI
control when Ly is set to 0.03H. Area 1 and area 2 present the
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FIGURE 20. Magnified waveforms of up, in, and Uy in area 2.

waveforms when EMUs run under uniform motion condition
and regenerative braking condition, respectively. Because of
the mismatch between the parameters of the traction network
and the control parameters of LSC, the LFO occurs in the two
areas.

Fig. 19 shows the amplified area 1. Before w, rises to
the given speed, the EMUs violently oscillate. When w,
stabilizes, the fluctuation of the electrical quantities becomes
smaller, and the oscillation frequency is 5SHz. u, and Uy,
oscillates in synchronization. Fig. 20 shows the amplified
waveforms of area 2. The fluctuation range of Uy, is increased
compared with that during 2-3s. The oscillation frequency is
still 5Hz, and u, still oscillates in synchronization with Uy.

2) CONTROL PERFORMANCE BASED ON SMC

It can be seen from the Fig. 21 that when the LSC adopts
SMC, Uy, can be stabilized at 3000V. There is no oscillation
in Uy and u,,. For Uy, there is also no overshoot when EMUs
are powered at Os and less fluctuation when braking occurs
at 3s. It should be noted that the fluctuation of Uy, in Fig. 21 is
larger than that in Fig. 8 at the motor braking state, which
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FIGURE 22. Semi-physical test platform.

is caused by the worse operation condition in Fig. 21 where
multi-EMUs operates at the same time. Therefore, SMC can
effectively suppress the LFO when the EMUs operate under
multiple conditions.

V. SEMI-PHYSICAL VERIFICATION OF

VEHICLE-GRID SYSTEM

In order to further verify that the control performance of SMC
is better than that of PI control, in this paper, the experiments
are conducted in the HIL platform, whose schematic diagram
is shown in Fig. 22.

The main circuit model of EMU is developed in the electro-
magnetic transient simulation software StarSim and runs on
the real-time HIL system based on NI-PXIe-FPGA-7868R.
The control algorithm of EMU runs on the CPU. The IO board
contains a number of 10 channels that can make the electrical
quantities, such as the voltage, current, motor speed, and
electromagnetic torque, transmitted to the oscilloscope for
observation. The parameters of the entire system are shown
in the Table 1.

A. EXPERIMENTAL RESULTS OF ELECTRICAL QUANTITIES
ON THE AC-SIDE OF THE INVERTER BASED ON SMC

In Fig. 23, i,, iy and i, are three-phase symmetrical sinusoidal
currents at the stator side. 7., is the electromagnetic torque
of the motor. When the EMU is powered, T, and w, bothrise
from zero. Before w, rises to the given speed, there is a certain
fluctuation in 7. After w, reaches 200 rad/s, T, drops to
zero. iy, ip and i, is reduced from 400A to 200A. At 1.5s,
a 1000N.m load is added, so T, rises rapidly to 1000N.m to
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FIGURE 24. Waveforms of up, in, and U4 under different controllers.
(a) PI control. (b) SMC.

balance with the load torque. At 3s, the regenerative brak-
ing occurs in the EMUs and w, starts to drop. T,y turns
to -2500 N-m, and the motor becomes a generator, which
feeds the energy back to the grid. Until w, drops to 0, Te,
rises to the load torque.

B. EXPERIMENTAL RESULTS OF up, in, AND Ug. BASED
ON SMC AND PI CONTROL WHEN ONE TRACTION DRIVE
UNIT OF EMUs RUNS UNDER MULTI-OPERATING
CONDITIONS

Fig. 24 shows the waveforms of uy,, i,,, and U, under multiple
conditions. As can be seen, there is a certain overshoot when
the EMU under PI control is powered. However, when SMC
is adopted, the overshoot is eliminated. When regenerative
braking occurs in EMU, the DC-side voltage fluctuation
under PI control is larger than that under SMC. The experi-
mental results verify that the DC-side voltage based on SMC
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FIGURE 27. Magnified waveforms of up, in, and Uy in area 1.

is more stable than that under PI control when the EMU runs
under the traction condition and the braking condition.

Fig. 25 shows the magnified view of area 1 in Fig. 24,
where the regenerative braking occurs. As can be seen,
the phase of u, and i, quickly change from the same values to
the opposite values, which indicates that SMC and PI control
both can achieve a smooth transition of electrical quantities
when system operation condition is changed.

The experiment results are consistent with the simulated
results, which can verify the correctness of simulated results
in Section IV.

C. EXPERIMENTAL RESULTS OF up, in, AND Uy, BASED
ON SMC AND PI CONTROL WHEN MULTI-EMUs RUN
UNDER MULTI-OPERATING CONDITIONS

As shown in Fig. 26, when multi-EMUs with PI control are
accessed to the traction network, LFO occurs. Areal and
area2 present the waveforms when multi-EMUs run under
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FIGURE 30. Magnified waveforms of up, in, and Uy in area 3.

traction and braking conditions, respectively. The magnified
waveforms of areal and area2 are shown in Fig. 27 and
Fig. 28, respectively. It can be seen that u,, i,, and Uy all
oscillate at the same frequency.

When SMC is adopted to the LSCs of multi-EMUs,
the LFO of uy,, i,, and Uy, is suppressed, as shown in Fig. 29.
The magnified waveforms of area3 are shown in Fig. 30.
As can be seen, the amplitude of Uy, is kept at 3000V, and
there is no oscillation in u, and i,,. Therefore, we can obtain
the conclusion that SMC can suppress the LFO occurs in
multi-operating conditions.

VI. CONCLUSION

To improve the performance of EMUs under multiple operat-
ing conditions, SMC is proposed in this paper. According to
the simulation and experiment results, the following conclu-
sions can be drawn.

1) Compared with PI control, SMC has a better dynamic
performance and faster dynamic response under multiple
operation conditions, such as no overshoot when the motors
are powered, and better anti-interference ability when the
motors brake.

2) SMC can make the waveform of the grid-side current
closer to sine wave. The THD of grid-side current under
SMC is smaller than that under PI control when the EMU
runs under traction, braking and uniform motion conditions,
respectively.
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3) Based on SMC, the system is less sensitive to system
parameters, which means SMC has stronger robustness than
PI control.

4) SMC can effectively suppress the LFO that occurs under
multiple operation conditions.

However, SMC has some disadvantages. For example,
when the load torque of the motor changes or the grid voltage
changes, the DC-side voltage of the LSC cannot follow the
given value. Future work can aim at overcoming these short-
comings. The SMC can be combined with state observers,
so that the system dynamic performance, static performance
and robustness can be further improved.
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