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ARTICLE INFO ABSTRACT

Recently, Permanent Magnet Synchronous Motors (PMSMs) have been
widely accepted and employed in traction and railway transportation
applications due to their various advantages such as small inertia, high
efficiency and high torque density. In this research, in order to use these
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motors as traction drives in an effective way, the vector control scheme is

used. In this strategy, the stator current is decomposed into 2 different
components which are controlled separately. To increase the reliability of
the system and also decrease the output voltage THD value, a multilevel
inverter the so called Stacked Matrix Converter (SMC) is used in the power
stage of the system. Also, to further improve the dynamic and steady state
performance of the system in all different conditions, the conventional PID
controllers that are used in the control scheme are trained by fuzzy
supervisor controllers. Finally, for evaluating and validating the system
performance in railway traction applications, the model of the system is
simulated in MATLAB/Simulink environment and the results are
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analyzed.

response. On the other hand, energy saving is an

1. Introduction important issue for the railway system operators

Since conventional railway systems use
internal combustion engines, they suffer from
low efficiency and also produce a large amount
of air pollution. Hence, the electrified trains are
considered as an attractive choice. In [1], a
methodology is proposed for selection of the
appropriate traction motor for different
applications including railway transportation
and it is concluded that the Permanent Magnet
Synchronous Motor (PMSM) is superior to
induction and wound-rotor synchronous motors
for railway applications from different points of
view such as efficiency, torque density,
reliability, audible noise level and dynamic
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[2]. According to the high efficiency and torque
density of the PMSMs [3] and also their energy
recovery capability [4], these motors can provide
further energy saving.

In several researches, PMSM design
procedure, its comparison with other types of
motors and the design requirements for railway
transportation [5, 6] and hybrid Electric Vehicle
(EV) [7] applications are discussed. In [8], the
performance comparison between PMSMs with
concentrated and distributed windings is done
and it is concluded that when considering copper
losses and power density, the concentrated
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winding PMSM is better, while the distributed
winding PMSM provides advantages such as
better efficiency at high speeds, controllability,
demagnetization tolerance and lower torque

ripple.

On the other hand, the advancement of power
electronic devices and converters has played an
important role in the development of railway
systems [9, 10]. This is due to the fact that simple
and efficient control of AC motors is only
possible by using power electronic converters
such as inverters and rectifiers.

In recent decades, several strategies have
been proposed for controlling AC motors. This
is due to the increasing demand for fault-
tolerant, reliable and high-performance electrical
drives in different applications such as railway
and ship transportation [11]. Several references
have studied different methods for PMSM speed
control. In [12], the control of instantaneous
phase currents is used in order to control the
PMSM speed. This method has some drawbacks
such as obvious delay and generating flux
current component. Moreover, the separate
control of motor flux and torque is not possible
using this method. In [13], a strategy called
Most Torque per Ampere (MTPA) is proposed
in order to achieve a higher power density, but
using a look-up table is the drawback of this
method since it needs a considerable amount of
memory. In [14], a structure composed of two
PMSMs connected to two Voltage Source
Inverters (VSIs) is used for traction applications.
When a fault occurs, this system can switch to
the fault-tolerant mode by reconfiguration of the
converter topology and separating the faulty leg.

In general, Field Oriented Control (FOC),
Direct Torque Control (DTC) and sensor-less
methods are three well-known strategies for
controlling AC motors. The FOC method is an
efficient strategy which is based on the
decoupled control of torque and magnetic flux
components [15]. In [16], the DTC and FOC
strategies are applied to the PMSM and it is
shown that DTC provides a better torque
dynamic while FOC improves the steady state
performance.

Several references such as [17-19] have
studied sensor-less motion control strategies for
PM motors in traction applications. These
methods increase the reliability and also reduce
the total costs due to the elimination of the
sensors but rather complex calculations are

needed since different estimation methods
should be used.

In all the above mentioned references, the in
use converter is a two-level bridge which
generates more output harmonics and results in
more voltage stresses on the switches compared
to the multilevel converters.

Moreover, PID controllers are usually used in
different loops of the control schemes that are
used for controlling electric machines due to
their simplicity. However, one of the main
related issues is the appropriate tuning of the
controller parameters. One of the approaches is
using the Ziegler-Nichols method [20].
However, if the machine parameters are changed
or a load variation occurs, the performance of the
PID controller with constant coefficients won’t
be optimized. Therefore, the controller
parameters should be continuously tuned during
operation.

Fuzzy logic is a powerful theory which
different controllers for numerous plants can be
designed based on it. Fuzzy logic controllers
have been successfully used for traction systems
in [21, 22]. In [23], the fuzzy controller is used

to generate the reference values of i, and i for

sd
a PMSM. One of the main applications of the
fuzzy logic theory is to design a supervisor
controller for the conventional PID controllers in
order to tune the PID controller parameters
continuously hence, overcoming the
aforementioned problems. This method has been
used for DC motors [24] and also induction
motors [25, 26].

In this paper, the stacked matrix converter is
used in the vector control scheme that is used for
a PMSM in traction applications. Using this
multilevel converter will result in higher
reliability and also decrease the voltage stresses
on switches. It also decreases the THD value of
the voltage applied to the motor and therefore,
the torque ripple magnitude is reduced as well.
Moreover, in this paper the fuzzy controller is
used as a supervisor controller for tuning the
conventional PID controller parameters.

2. PMSM and its Dynamic Modeling

The permanent magnet synchronous motor
has been recently used in high-speed railway
transportation applications [27]. For instance,
the AVG permanent magnet traction motor
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manufactured by Alstom can be considered.
These motors are closed, self-ventilated and can
reach a maximum speed of 4500 rpm.

The mathematical model of PMSM is
expressed in the dqO rotating frame attached to
the rotor. The assumptions used here are as
below [28]:

e The saturation effect is neglected.

e The eddy currents and hysteresis effects
are neglected as well.

e The three-phase currents are balanced.

Equations (1)-(7) represent the dynamic
model for this machine:

e Magnetic flux equations:
W =Lyiy+y, (1)

l//xq = qu ixq (2)

« Voltage equations:

di,
< —w L i 3
& (3)

. disq .
v, =Ri, +L " + o, (LA iy +l///) “)
o Electromagnetic torque equation:
3 . .
Te :EP (l//sdlsq _l//sqlsd ) (5)

o Mechanical equations:

I _r 1 _Ba, 6)
dt
o, =P, ™

In (1)-(5),yv,, Wy Via Vs ,i,,and i, are
fluxes, voltages and currents of the motor
represented in the d-q coordination, respectively.
o, is the motor electrical angular speed and T, is

the electromagnetic torque. Also, Y, b, R,

L,and L are the constant flux of the

permanent magnet, number of the pole pairs,
stator resistance and inductances, respectively.
Finally in (6)-(7), J, T,, B and @, are the
motor and coupled load inertia, load torque,
friction coefficient and motor mechanical
angular speed, respectively.

The vector control strategy for this motor is
described in the next section based on the above
model.

3. Field Oriented Vector Control

It should be considered that field oriented
vector control is generally the most popular
strategy used for controlling AC Motors. In this
paper, in order to achieve an appropriate
dynamic performance, the Field Oriented
Control (FOC) method is used as the control
strategy of the traction PMSM. In FOC strategy,
the stator current is decomposed into two
components: the magnetic field current
component and the torque current component.
This is done by using dq0 transformation in
which the resultant d and q components of the
stator current are responsible for generating the
flux and electromagnetic torque, respectively.
Due to the presence of the constant flux of the
permanent magnet, there is no need to produce
any flux by means of i, and the reference value

for this component would be zero as a result.
Therefore, the stator current is decreased and the
motor efficiency is increased as a result. These
two components need separate control loops so
that the flux and electromagnetic torque are
controlled independently similar to a dc motor.
By rearranging (5), (8) which demonstrates the
relationship between the electromagnetic torque
and the stator current components in the dq0
rotating frame, can be obtained:

3 . o
T, :EP(V//.ZW #(Ly -1, )igi, ) (8)
If the i, value is considered zero in Eq. (8),
then:
3 .
Te =§P‘//flsq (9)
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According to (9), the relationship between the
electromagnetic torque 7, and 7, is linear until
the reference value for i, is kept zero.
Therefore, a suitable dynamic response for 7,
can be achieved through appropriate control of
i .

sq

The structure of this control strategy includes the
inner loops (for controlling the current
components) and the outer loop (for controlling

P50 e

isd

wr isq

lower THD value compared to other available
converter topologies. Moreover, this converter
provides output voltages with variable
magnitude and frequency values. In this paper,
the Stacked Matrix Converter (SMC) is used to
drive the traction PMS motor. The topology of
this converter is depicted in Figure 2. As it can
be seen, this topology consists of three
bidirectional switches in each phase. Employing
bidirectional switches provides advantages such
as generating zero-voltage-level with lower

wr*Lsq*isq

*

—~| Pl ———— " —

NP _@:4\];

wr*(Lsd=isd+y)

PMSM

didi

Figure 1. General block diagram of FOC strategy

the speed). The block diagram of the FOC
method is shown in  Figure 1. It should be
considered that in the block diagram depicted in
Figure 1, the Stacked Matrix Converter (SMC) is
used as the inverter. Also, the PI controllers are
trained by the fuzzy supervisor controllers. The
details are described in the next sections.

4. Stacked Matrix Converter

There are several DC-AC converter
topologies such as neural-point diode-clamped,
flying capacitor and H-bridge inverters, matrix
converters and cascaded inverters. Each of these
topologies provides different features. The H-
bridge inverter is the simplest and least
expensive converter for AC motor drive
applications in different power ranges.
Therefore, this topology is usually used in
different industrial applications, unless a new
converter topology with obvious advantages
compared to the H-bridge inverter is proposed
for that specific application. The matrix
converter structure is recently used by
researchers in motor drive applications. The
indirect matrix converter provides some
advantages such as better voltage stability and

44

number of switches. The SMC also has other
benefits such as variable output voltage
magnitude and frequency. However, the
presence of additional bidirectional switches
makes the topology more complex and therefore,
the control scheme is more complicated
compared to conventional converters.

According to Figure 2, v ,,, ,v,, and v, are
as (10)-(12):

Vay =Vas Ty (10)
Vv =Vgs TVay (11)
Vey =Ves TVay (12)

The three-phase load is considered to be
balanced. Therefore:

Vs FVg HV s =0

By combining (10)-(13):

(13)
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Figure 2. General block diagram of FOC strategy

Vey =§(VAN +Vpy Hey ) (14)

Therefore, the voltage of different load
phases can be calculated by (15)-(17):

2 1
Vs =Van “Vin =§vAN _EVBN _EVCN (15)
1
Vs =Vany ~Vsn :_EVAN +§VBN _EVCN (16)
1
Ves =Ven “Vsy :_EVAN _EVBN +§vCN 17

Equations (15)-(17) can be written in the
matrix form as shown in (18):

Vs 2 =1 —1||v,y
Vs =3 =1 2 —1{|v (18)
Vs -1 -1 2 ||vyy

According to the topology shown in Figure 2,
the relationships between v,y , v,y and vy
and the DC link voltage are as (19)-(21):

S

Vn =(Sa1+ ; jV (19)
S

V oy {Sm +§dec (20)
S

Ven :(Scl + ; )Vdc 21

Where S, (x=a, b, ¢ and y=1, 2, 3) are the

switching states of different switches. If the
switch is closed, the value will be § =1 ;
otherwise, S =0.

As aresult,

3
Yok @
vm [ )30 ) o
c3

Based on (22)-(24), the output phase and line-
line voltages generated by SMC can be
calculated.

The different possible switching states of
SMC are listed in Table 1. As an example,
consider the forth row of Table 1 in which the
switches al, b3 and c¢3 are on, and the other
switches are off. By using (19)-(21):

VAN = (l + Edec =Vdc
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Table 1. SMC different switching states

Phase A Phase B Phase C Vas Vas Ves Vas Vac Vea
al b1 cl 0 0 0 0 0 0
a3 b3 c3 0 0 0 0 0 0
a2 b2 c2 0 0 0 0 0 0
al b3 c3 Vdc/3 -Vdc/6 -Vdc/6 Vdc/2 0 -Vdc/2
a3 bl c3 -Vdc/6 Vdc/3 -Vdc/6 -Vdc/2 Vdc/2 0
a3 b3 cl -Vdc/6 -Vdc/6 Vdc/3 0 -Vdc/2 Vdc/2
al bl c3 Vdc/6 Vdc/6 -Vdc/3 0 Vdc/2 -Vdc/2
a3 bl cl -Vdc/3 Vdc/6 Vdc/6 -Vdc/2 0 Vdc/2
al b3 cl Vdc/6 -Vdc/3 Vdc/6 Vdc/2 -Vdc/2 0
a2 b3 c3 -Vdc/3 Vdc/6 Vdc/6 -Vdc/2 0 Vdc/2
a3 bl c3 Vdc/6 -Vdc/3 Vdc/6 Vdc/2 -Vdc/2 0
a3 b3 c2 Vdc/6 Vdc/6 -Vdc/3 0 -Vdc/2 -Vdc/2
a2 bl c3 -Vdc/6 -Vdc/6 Vdc/3 0 Vdc/2 -Vdc/2
a3 bl c2 -Vdc/3 -Vdc/6 -Vdc/6 Vdc/2 0 -Vdc/2
a2 b3 c2 -Vdc/6 -Vdc/3 -Vdc/6 -Vdc/2 Vdc/2 0
al b2 c2 2Vdc/3 -Vdc/3 -Vdc/3 Vdc 0 -Vde
al bl c2 Vdc/3 Vdc/3 -2Vdc/3 0 Vdc -Vdc
a2 bl cl -2vdce/3 Vdc/3 Vdc/3 -Vdc 0 Vdc
a2 b2 cl -Vdc/3 -Vdc/3 2Vdc/3 0 -Vdc Vdc
al b2 cl Vdc/3 -2vdc/3 Vdc/3 Vdc -Vdc 0
a2 bl c2 -Vdc/3 2vdc/3 -Vdc/3 -Vdc Vdc 0
al b3 c2 Vdc/2 0 -Vdc/2 Vdc/2 Vdc/2 -Vde
a3 bl c2 0 Vdc/2 -Vdc/2 -Vdc/2 Vdc -Vdc/2
a2 bl c3 -Vdc/2 Vdc/2 0 -Vde Vdc/2 Vdc/2
a2 b3 cl -Vdc/2 0 Vdc/2 -Vdc/2 -Vdc/2 Vdc
al b2 c3 Vdc/2 -Vdc/2 0 Vdc -Vdc/2 -Vdc/2
a3 b2 cl 0 -Vdc/2 Vdc/2 Vdc/2 -Vdc Vdc/2
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Next, the output phase voltages can be
calculated using (22)-(24):

2 0) 1 1) 1 1 1
V==l 1+=|-=|0+=|-=|0+— |V, ==V
. [3( 2] 3( 2j 3( 2]} A
Sl 5k
Ve =|——|1+—|+—=| 0+— | == O+— (|, =—7V,
3 2 3 2) 3 2 6

The modulations used as the SMC switching
scheme can be classified based on the switching
frequency. Therefore, two modulation strategies
can be considered: (a) square wave modulation
(fundamental frequency switching), Pulse Width
Modulation (PWM) (high-frequency switching).

The PWM itself can be implemented by two
methods: Space Vector PWM (SVPWM) or
Sinusoidal PWM (SPWM). In SPWM method, a
high-frequency carrier waveform is compared

with a fundamental frequency reference
1.5 15 15
1 ‘ 1 1
0.5 ’ 05 05
0 0 0
0.5 05 0.5
0.5 0.51 0.52 0.53 054 05 0.51 0.52 0.53 054 05 0.51 0.52 0.53 0.54
15 15 15
g 1 1 1
17}
z ’
g 05 05 05
£
S ‘
g o 0 0
H
(2]
0.5 0.5 0.5
05 0.51 0.52 0.53 0.54 0.5 0.51 0.52 0.53 0.54 0.5 0.51 0.52 0.53 0.54
15 15 1.5 —
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0.5 05 0.5
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Time [sec]

Figure 3. SMC gate signals

<
Il

—|1+—=|-=[0+—|+—|[ 0+— ==V,
“ 3 2) 3 2) 3 2)1c 6

Finally, the output line-line voltages can be
determined as below by using the output phase
voltages:

Vg =Vus Vs ==V
2
Ve =Vgs Vs =0

Vea TVes Vas :_EVdc

All the different voltages for different
switching states shown in Table 1 can be
calculated by a similar procedure like the above
example.

sinusoidal waveform. The frequency of this
carrier waveform should be an integer 20 times
more than the fundamental frequency [29]. In
this paper, the SPWM strategy is used. Figure 3
depicts the gate signals generated by the SPWM
method which are based on the switching states
in Table 1.

5. Fuzzy PID Supervisory Control

It is a common belief among control
engineers that the dynamic performance of the
system for different operating conditions can be
improved if the PID controller gains are adjusted
and trained in an appropriate way [30]. In this
paper, the conventional PID controller
parameters are trained by the supervisor fuzzy
controller. Fuzzy logic can be considered as a
mathematical theory that combines
multivariable logic, probability theory and
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artificial intelligence in order to use the
knowledge of human experts. The fuzzy
controller is basically a nonlinear adaptive
controller which provides a robust performance
for linear and nonlinear systems. Therefore,
using the supervisor fuzzy controller can
overcome disadvantages of the conventional PID
controller such as unsatisfactory performance
when the plant parameters or the operating
conditions are changed. The transfer function of
the PID controller is as (25):

G(s):Kp—i-ﬁ—i-de (25)
s

In(25), K,, K, and K, are the proportional,
integral and derivative gains, respectively. By
considering the error signal (e(t)) as the

controller input, (25) can be written in another
form as described in (26):

u(t)=K, e(t)+%je(r)dr+Tde(t) 6
i
T,and T, are defined as (27)-(28):
T, =K, /K, 27
T,=K,/K, (28)
Assume that the variation ranges of K, and
K, are as (29)-(30):
K, €[K K e | (29)

K, €[K pinK i | (30)

dmin

Then, the normalized values of K, and K,
can be described by (31)-(32):

: K -K .
Kp — P pmin (31)
Kpmax - Kpmin
. K,-K,,
Kd — d dmin (32)
Kdmax - Kdmin

Here, it is assumed that:
T, =al, (33)

where « is theratioof 7,to T, .

For each conventional PID controller used in
the motor control scheme, three fuzzy systems
are designed. The inputs of all these systems are
the error and error derivation signals. The

outputs are K, K, and « . The first step in

designing the fuzzy systems is to define
membership functions in the variation ranges of
all the input and output signals. Figures 4-6
depict these membership functions respectively.
For the aforementioned fuzzy systems, the fuzzy
rule bases are defined and then shown in Tables
2-4, respectively. It should be noted that the IF-
THEN rules are defined according to the
common knowledge about the PID controller
performance and in such a way that in any
condition, the best dynamic and steady state
performances are achieved. For example, when

the transient error has a high value, K jand K,

should also have big values while K, value

should be small in order to get a better dynamic
response. All the other rules can simply be
obtained by this approach. Next, using the
Singleton fuzzifier, product inference engine and
center average defuzzifier, the three fuzzy
systems are formed as (34)-(36):

b (e () py ()

R A A

K:, (t)z Zigfxﬂw (e (t ))IUB’ (é (t )) (35)
I:I’UA’ (e(t ))'uB’ (e (t))

a(t): Ztﬂﬂm (e (t )),uB, (é (t )) (36)

Xt () (€())

Where 4'and B’ are shown in Figure 4, and
V. ¥ 5 and y! are the center of the
corresponding fuzzy sets shown in Figures 5-6.

Figures 7-9 depict the corresponding output
diagrams of these fuzzy systems.
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Table 3. Fuzzy rule base for K

Membership functions
°
>

2 A5 - 05 ) 0.5 1 15 2
error or error derivation

Figure 4. The membership functions defined in the
variation ranges of the input signals (error and error
derivation) 20 B B B B B B

1

PS B B B S B B

~_ | | PM B B S S S B

PB S S S S S S

s
e 9
Nw

Membership function:
28

o 9
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Figure 5. The membership functions defined in the
variation ranges of K ; and K ;,

®
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Figure 6. The membership functions defined in the PS 4 3 3 2 3 3
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Membership functions
°
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°
R

Z0 5 4 3 3 3 4

PM 3 3 2 2 2 3

Table 2. Fuzzy rule base for K, PB 2 2 2 2 2 2

error derbvation

PM S B B B B B S Figure 7. The output diagram of K 1']

PB B B B B B B B
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amor derivation

Figure 8. The output diagram of K (;

rror 4 a2

error derhvation

Figure 9. The output diagram of «
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Figure 10. Performance comparison of the
conventional PID and fuzzy PID controllers

In order to make a better comparison between
the performances of the conventional PID and
the used Fuzzy PID controllers, a step reference
speed waveform as shown in Figure 10 is applied
to a PMSM. Note that the motor is the same one
that was used in the simulation section. As
shown in this Figure, the performance achieved
using the conventional PID controller with
constant parameters won’t be optimized
anymore after the motor parameters are changed
by 10 percent at t=1.5s. But, the fuzzy PID
controller shows a satisfactory performance in
all conditions.

6. Simulation Results

In order to evaluate and verify the
performance of the inverter that is used and also
the suggested control scheme for traction
applications, the system is simulated in the
MATLAB/Simulink environment. The
parameters used in this simulation are shown in
Table 5.

In the conducted simulation, a special
reference speed for traction applications is
considered. This reference speed waveform has
five different modes including: (a) rheostatic
acceleration (from ¢ =0to¢ =5s ), (b) speed
curve running (from ¢ =5s tot =15s ), (c) free
running (from ¢ =15s tos =50s ), (d) coasting
(from ¢ =50s to ¢t =57s ), (e) braking (from
t=57stot=60s).

Table 5. Simulation parameters

1260 Hz
780 V

0.05Q

63.5 mH

0.192 Vs

The waveforms of the reference and also the
actual motor speeds are shown in Figure 11. In
this Figure, for each of the 5 aforementioned
modes, the diagram is enlarged and the reference
and actual speeds are compared with each other.
As seen in this figure, the actual speed includes
only a very small error compared to its reference
in rheostatic acceleration, speed curve running,
coasting and braking modes (the maximum
value of this error is 5 rpm). In the free running
mode, the motor actual speed only consists of a
small ripple component around the reference
speed value. The maximum magnitude of this
ripple doesn’t exceed 0.5 rpm in this case. The
above analysis reveals that the proposed control
method has the ability to track the speed
reference very well for railway applications.
Also, the advantage of using the fuzzy PID
supervisory control in comparison with the
conventional PID controller is obvious
according to the results. Using the suggested
fuzzy PID controller results in satisfactory
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Figure 11. The reference and actual speeds of the PMSM for traction applications

dynamic and steady state performances for all
the modes.

Figure 12 depicts the reference and actual
waveforms of the g-axis component of the

stator current (7, ). As it is obvious, this current

tracks its reference appropriately. However, the
actual current includes a small ripple
component around the reference value. In the
worst condition that occurs at the variable speed
modes of the reference speed, the peak value of
this ripple is lower than 10 percent of the
reference value. In the free running mode, this
amount is much smaller (less than 4% of the
reference value).

Figure 13 shows the reference and actual
waveforms of the stator current d-axis
component (i, ). It should be noted that as

described before, the reference value of i, is

kept zero in the control strategy used through
this paper. However, the actual value of this
current has a negligible ripple component around
its reference.

Figure 14 depicts the electromagnetic torque
produced by the PMSM during its operation in
different modes. As it is mentioned in the
previous sections of the paper, the
electromagnetic torque is proportional to the g-
axis current (i, ) because the reference value of

i, is kept at zero. In the acceleration and
constant speed modes of the reference speed
waveform, the i, and T, values are positive. In
the free running mode, this positive value is
slightly more than the load torque due to the

presence of friction. In the modes after the free
running interval, the torque reference is negative

due to the braking performance. It can be seen
that the generated electromagnetic torque tracks
the reference very well by using the proposed
strategy. Although there is a small ripple
available in the generated torque waveform, but
its maximum value is lower than 5 percent of the
reference waveform in the worst case.

500 [ +++-qeaxis reference current [A] | |

2 w5 w25 »
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Figure 12. The reference and actual waveforms of

the g-axis current 7,
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Figure 13. The reference and actual waveforms of
the g-axis current 7,
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Figure 14. The electromagnetic torque produced by
the PMSM

In Figures 15-19, the different waveforms
related to the SMC are shown for each mode
available in the reference speed. Each figure

includes the phase and line voltages of the motor
(which are generated by the SMC), the input
currents of the motor and also the per unit (p.u.)
value of the reference voltages generated by the
control scheme. As it is shown, the phase and
line voltages of the PMSM are multilevel
voltages produced by the SMC. The number of
the both phase and line voltage levels are the
same as in Table 1 and only the pulse width and
frequency of these voltages are changed during
different modes. This is because of the
differences between the magnitude and
frequency of the reference voltages for these
modes. As the reference speed value increases,
the main component frequency and magnitude of
the reference voltage generated by the control
system is increased, as well.
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Figure 15. SMC waveforms for rheostatic acceleration mode,
(a) phase voltages, (b) line voltages, (c) amplitude modulation index, (d) PMSM input currents
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Figure 17. SMC waveforms for free running mode,
(a) phase voltages, (b) line voltages, (c) amplitude modulation index, (d) PMSM input currents
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Figure 18. SMC waveforms for coasting mode,
(a) phase voltages, (b) line voltages, (c) amplitude modulation index, (d) PMSM input currents
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Figure 19. SMC waveforms for braking mode,
(a) phase voltages, (b) line voltages, (c) amplitude modulation index, (d) PMSM input currents
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Moreover, the current waveforms are
sinusoidal ones with very low THD values
(lower than 4.7% for all conditions). In lower
speeds, the current THD values are more and as
the speed increases, the THD value improves.
The harmonic content of the current waveforms

are due to the ripple components of i, andi, .

However, it should be noted that these ripple
components and the harmonic content of the
currents as a result, are lower than the same
values for conventional inverters due to the use
of SMC which is a multilevel converter. Also,
the magnitude of the reference voltage
waveforms in the p.u. system represents the
amplitude modulation index ( m ) value. As it is

obvious, the m value is less than 1 during the

whole performance period and hence, the
inverter doesn’t reach the over-modulation mod.

7. Conclusion

In this paper, a PMSM-based drive system for
railway traction applications is proposed. In this
system, the FOC is used as the control strategy.
Moreover, the inverter used in the system is a
multilevel converter named SMC. Using the
SMC converter results in the decrease of voltage
THD value and therefore, providing a better
power quality for the motor. Moreover, using
fuzzy supervisory control for the conventional
PID controller results in an improved dynamic
performance with a smaller steady state error
value for all different conditions. The conducted
simulation results reveals the effectiveness and
good performance of the proposed method in
comparison with the conventional FOC strategy.
According to the simulation results, the selected
scheme provides acceptable torque ripple and
THD values for traction applications also the
reference speed tracking is accurate enough for
this application.
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