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1. INTRODUCTION

Nowadays, permanent magnet synchronous motors (PMSMs) are often utilized in electric vehicles
and railway traction drives (RTDs) [1]-[3]. According to Ha et al. [4], Kuntanapreeda [5] study, this motor
generates torque to extend the operating speed range. Moreover, it has features compatible with vehicle
transmission’s mechanical aspects, such as regenerative braking. On the other hand, the PMSM railway
traction system often uses the field-oriented control (FOC) approach [6]. Consequently, the FOC reduces the
usage of torque ripper and torque closed-loop control in railway trains. The regulated PMSM drive
mechanism is very efficient [7]. However, PMSM motors can produce resistance torque when the motor is
operating. The resistance torque will restrict the engine’s ability to promote sufficient torque and speed [8],
[9]. This issue will be resolved using the maximum torque per ampere (MPTA) approach. The MPTA has a
feature to generate the best torque for the PMSM at a particular phase current. MTPA control maintains a
specific torque angle between the positive d-axis and the current phase in the d-q frame [10]-[13].

The speed and torque loops are often controlled by cascading the traction vector control
architecture. These controllers are refined and upgraded to provide various control strategies’ torque and
speed responses. The control methods are proportional integral (PI), active disturbance rejection control
(ADRC), ADRC, deadbeat, backstepping, flatness, passive, and sliding mode control. These control
approaches have advocated the benefits of a more comprehensive speed range, little harmonic distortion, and
no overturning [14]-[16]. For instance, the Pl control approach provides quick and easy design benefits, but

Journal homepage: http://telkomnika.uad.ac.id


https://creativecommons.org/licenses/by-sa/4.0/

1406 O ISSN: 1693-6930

when disturbed, the torque and speed response is simple to alter [17]. Providing a solid assurance for the
necessary answers is the rolling control approach. This approach is still in use. However, it is still susceptible
to motor parameter changes and system noise [18]. In particular, the sliding mode control stabilizes the
system following the chosen sliding surface, addressing the sensitivity to motor settings and many other
problems. In addition, the sliding control design is thoroughly and clearly shown using mathematical
calculations. According to the Lyapunov theorem of [19]-[21] documents, the traction drive system is
stabilized. This article will be presented sincerely with the sliding mode control design for speed and torque
loop control. This technique reduces torque ripper, and the railway traction drive system operates steadily
over the whole speed range.

Additionally, it enhances torque response to fulfill demands for speed and precision. Space vector
modulation (SVM) for a five-level T-type inverter will be discussed in this post. In terms of transistor valve
switching frequency, harmonic distortion, and converter life, this multi-level inverter is superior to other
structural two-level and multi-level inverters, claims the paper [22]-[26]. Table 1 displays these ratings.

Table 1 demonstrates that the T-type multi-level inverter has the advantage of decreasing the
number of semiconductor valves and capacitors while increasing the voltage level. The study is organized as:
First, section 1 the introduction expresses the reason for the slide mode controller application of a PMSM
railway traction drive fed by a multi-level inverter. Second, the PMSM motor and load mathematical model
is presented in section 2. Third, a detailed explanation of 5-level voltage vector modulation will be provided
in section 3. Fourth, the sliding mode control (SMC) method for the speed and torque loops is under control
in section 4. Section 5 will present the simulation results and a short assessment of the suggested railway
traction drive system’s control structure. Finally, conclusion in section 6.

Table 1. Comparing multi-level inverter structures

Neutral point clamped Flying capacitor Cascaded H-bridge

Structure (NPC) (FC) (CHB) T —Type
Valve number insulated gate bipolar transistor 24 24 24 9
(IGBT)
Valve number diode 24 24 0 0
Clamp diode 36 0 0 0
Number of capacitors 4 4 6 0

2. MATHEMATICAL MODEL OF A PMSM MOTOR AND TORQUE LOAD
2.1. The mathematical mode of a PMSM motor
Based on the documentation [27], the PMSM’s mathematical model is as follows since the FOC
technique is utilized to govern it.
disq , .
Usqg = Lgg ar + Rgigq — stq lsq
a“ (1)
S gt

Ugg =L + Rigq + wlggisg + wyY

Where: is4, is, are dq components of the stator current; uy,, u,, are dqg components of the stator voltage;
Lgq, Lgq are dq components of stator inductance, w is mechanical speed; v is rotor flux; z, is number of
poles. The following is a description of the motor’s torque calculation in (2):

Ty = %Zp [lpisq + (Lsd - qu)isd isq] (2)

The equation represents the PMSM’s mechanical in (3):

_p g Jdo
Ty =T, +5 ©)

Where: Ty, Tr are motor and load torques; J is inertia torque.

2.2. Mathematical model of load torque
The load torque is the total of the forces that oppose the motion of the railroad transmission motor.
The following formula is used to compute the load mode:

F(t) = a; M + a;,n + a,Mu(t) + azAkv(t)? + Mg sina 4)

TELKOMNIKA Telecommun Comput EI Control, Vol. 21, No. 6, December 2023: 1405-1414



TELKOMNIKA Telecommun Comput EI Control O 1407

Where, M,n, A, k,a represent the weight of the train, the shaft, the surface area in the direction of
displacement, the track and gear parameters; v is train speed.

3. THE SMC CONTROLER DESIGN OF SPEED AND TORQUE CONTROL LOOPS
3.1. Speed controller

The SMC is an efficient tool for nonlinear systems, load torque disturbances, and parameter
variation changes. The steps that the speed control for a railroad traction motor is intended to take are:

. 1 1
Where: Tm = z%plprdllls__’: = ka)isq; ka) = gl;l_r:pwrd a= %; b= kTw
The speed error can be determined as:

e(t) = w(t) —w*(t)4b (6)
Next, the sliding surface variable s(t):

s(t) = e(t) — [ (k — c)e(t)dt = 0 0

With c is a typical motion under sliding mode control to error to zero for all times. The variable structure
speed controller is designed as:

u(t) = ke(t) — fsgn(s) 8)

The gain defined before with k is k < 0 to (k — ¢) < 0. The switching gain, 8, must be selected to § > d(t),
sgn(.) is the switching function. Then, defining Lyapunov function and derivate it. As shown in (9):

V(t) = gs(t)s(t) )
The derivative (10) is then calculated as:
V(t) =s[d — Bsgn(s)+ce] <0 (10)

In (10) V(t) < 0, that is, the SMC design and SMC circumstances. Consequently, the system’s SMC may
be calculated as:

Fsq(t) = isq(t) = %[ke —Bsgn(s)+a+ w’ (1)

3.2. Torque controller
The SMC is designed to generate the rotor voltage reference from the torque and flux vector:

sp=er =Ty —Tn (12)
Sw=€¢=l/)*_1/) (13)

From (12) and (13) can be written by matric:

S'T 3/221) (Lsdisq - qu isq) 3/221) [(Lsdisd - 1/)) - qu isd] isd
= - ) 2 ; (14)
Sy (qu lsq — Y)Lgq Lsqisq lsq
Where:
. . . . Rs 1
1-52p(Ldesq - qu lsq 1-52p [(Lsd lsa — l/)) - qu lsd] . Lsa Zp® . Lsd 0
= ; 2 VA=|_r, g [[B= 1 |H = [=¥
(Lsd lsg — w)Lsd qu lsq — = 0 — Ly
L L L q
sd sq sq
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In (14) can be written:

[j;] —K(A [Ls‘i] +B[u ]+H) (15)

Control variable for torque and flux can be calculated from (15):

I R Gl e | A ) BT (16)

sq 121 122
The sliding face is choice as shown:

Sp = —ly157 — liz sgn(sy)
o a7
Sy = —112511; -1, sgn(slp)

The stability research provided an application of the Lyapunov approach. Regarding the potential Lyapunov
function:

V(t) =s(t)s(t) (18)
The derivative (18) is then calculated as:
V = —sp(ly157 + Lipsgn(sy)) — Sy (ka1Sy + Losgn(sy)) (19)
The derivative (19) can be written as shown:
= —[(L118% + li5|s7]) + (12155, + Ly2|syl] (20)

with [;; are positive gain if V < 0, then the torque response is established sustainably.

4. MODULATION FOR T-TYPE 5-LEVEL INVERTER
Based on Ha et al. [22], structure for a T-type 5-level inverter is shown Figure 1. This T-type
inverter has 5-level: %5 V., — V4., 0, + %2 V., + V4. (V4. is DC voltage). The T-type 5-level inverter is
modulated by space vector modulation (SVM). Implementation SVMs steps:
Step 1: from modulation voltage, convert the coordinate system from abc to af.
Step 2: from af to g, h coordinate system.
Step 3: determine the sector position of the modulation vector.
Step 4: determine the modulation period for the vector.
Step 6: determine the switching state.
Step 7: pulse the valve.
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Figure 1. A T-type 5-level inverter structure
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The space vector 3-phase 5-level is shown in Figure 2, [22]. It can be seen in Figure 1 that, for an
n-level 3-phase converter, the number of switching states will be n3, and there are 6x(n — 1)? triangles in
the spatial vector diagram. Thus, for a 5-level T-type inverter, the number of switching states will be 53, and
there are 72 triangles in the space vector diagram. Table of state vectors in sectors is shown at Table 2.

@ =0

e

Figure 2. The structure of the SMC controllers combined the T-type 5 level inverter for RTD applications

Table 2 Table of state vectors in sectors

State vector 1] VI
[kix] (ka— kB) ] [(kA kc) ] [(kB — k¢ ] [(kB kA) ] [(kc kA) (k¢ — kg,
k (kg —k¢) (kg —ka) (ke — ka) (ke — kg) (ky— kg) (ka = k¢)
kA k — kzy k — k3s k k4s k k5x k
b L] La] Bl bes] o
kc k — kls k— sz k — k3x k k k — ksy

5. RESULTS AND DISCUSSION

The control structure of 5 level T-type inverter for railway traction motor is presented in Figure 2.
Simulation with parameters of 5 level T-type inverter and PMSM’s parameters used railway traction motor
follow as Table 3. T-type inverter simulation parameters using SVM are expressed in Table 4.

Table 3. Simulation with PMSM’s parameters used RTD

Parameters Symbol Value
DC voltage Uge 600
Frequency of modulation fs 2000Hz
Power Pym 270 kW
Rated speed Ngm 3000 rpm
Rated voltage Ugm 400V
Pole pair p 1
Power factor cosp 09
Stator resistance R, 0.0126 2
Rotor resistance R, 0.00865.2
Rotor inductance L, 0.00822H
Mutual inductance Ly 0.0088H
Voltage 750 VDC
Maximum speed for the train 80km/h
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Table 4. Simulation parameters of T-type 5 level inverter

Power circuit Parameter
DC capacitor C1 Uge
DC capacitor C1 fs
Filter inductor Li Pim
DC voltage Vc Ngm
Filter capacitor Ugm
Pulse frequency p

5.1. Evaluating results of T-type 5 level inverter
Character of the T-type 5 level inverter is evaluated based on output voltage responses and current

harmonic distortion. The inverter output voltage response is shown in Figure 3. The current harmonic
distortion is shown in Figure 4.

““““““ . S‘elecled‘signalz‘ 5 cycl?s. FFT‘windom‘/ (in req): 2 cyc‘les
500 £
g o
L%’ -201 , X L L
; 0 0.01 0.02 0.03 0.04 70.05v : 0.06 0.07 0.08 0.09 0.1
‘5 0 - Fu I (50Hz‘):31.53‘.THD=:‘L74% i
$ g
% 0.8
-500 £ 08
g 0.4
| 1 | 1 | 1 §0>2
0 001 002 005 004 005 008 007 008 009 0.1 = I L
0 500 1000 1500 2000 2500 3000 3500 4000
t(s) Harmonic order
Figure 3. The inverter output voltage response Figure 4. The current harmonic distortion

Through simulation results of Figure 3 and Figure 4, there are some results as shown:

a. The inverter output voltage has the form of 5 levels, with an amplitude of 600 V

b. Sine wave output current with low harmonic distortion THD=1.74%

c. DC voltage on two unbalanced capacitors, with maximum difference up to 4V,,,,,,=20 V (6%)

5.2. Evaluating results of the SMC controller

Case 1: the railway traction drive system is fed by a 5-level T-type inverter to simulate and evaluate
the SMC controller in the traction drive system. Through the modeling of the given situation, some typical
functioning RTMs are:

a. From t=05s to t=2.5s, the PMSM motor is operating at pull process with parameters:
tis = 0 (km/h); t,s = 30 (km/h); t3; = 60 (km/h)

b. From t=25s to t =5.55s, the PMSM motor is operating at coasting process with parameters:
tes = 50 (km/h).

c. From t=6s to t=8s, the PMSM motor is operating at braking process with parameters:
tys = 10 (km/h); tgs = 0 (km/h).

Simulation results in case 1 are shown in Figure 5. Figure 5(a) shows the speed responses of SMC
and PI controllers, Figure 5(b) conveys torque responses of SMC and PI controllers, and Figure 5(c) displays
the total harmonic distortion (THD) of a T-type 5-level inverter of SMC and PI controllers.

Based on the simulation results of Figure 5(a) and Figure 5(b), it is found that the SMC controller
design for torque and speed controller has more advantages than the PI controller. The actual speed matches the
reference speed with a fast set time. The ripple torque is small with AT,,=10%. Meanwhile, the Pl controller’s
ripple torque is still high AT, %=20%. Therefore, the T-type 5-level inverter is torque-ripper-reduced.
Moreover, in the research to ensure low THD and low ripple torque. In addition, the simulation results of
Figure 5(c) show the THD for the T-type 5 level inverter combined SMC controller with THD=3.89%.
In contrast, the Pl controller structure combined with the multi-level inverter results in a THD of 6.58%,
much higher than the proposed control structure.

Case 2: to showcase the reliability of the railway traction drive system, the paper used an example

where the rotor resistance raised by 50%. Through the simulation of the following scenario, some typical
working RTM are just as:
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a. From t=0.5s to t =3s, the PMSM motor is working following parameters in a pull process:
tis = 0 (km/h); tys = 40 (km/h); tzs = 70 (km/h).

b. Fromt=3stot = 6s,the PMSM is operating at coasting process with parameters: to; = 60 (km/h).

c. Fromt=6stot=8s, the IM is operating at braking process with parameters: t,; =5 (km/h);
tgs = 0 (km/h).
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Figure 5. The railway traction drive system fed by a 5-level T-type inverter with constant rotor resistance
analysis with of: (a) speed responses of SMC and PI controllers, (b) torque responses of SMC and PlI
controllers, and (c) the THD of a T-type 5-level inverter of SMC and PI controllers

Simulation results for the railway traction drive system fed by a 5-level T-type inverter with rotor
resistance increasing to 50% are shown in Figure 6. Figure 6(a) shows the speed responses of SMC and PI

Sliding mode control of a PMSM railway traction drive fed by multi-level inverter (Vo Thanh Ha)
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controllers, Figure 6(b) conveys torque responses of SMC and PI controllers, and Figure 6(c) displays the
THD of a T-type 5-level inverter of SMC and PI controllers.

Based on the simulation findings in Figure 6(a) and Figure 6(b) for the SMC controller, the system
was stable, with a rapid stabilization time and an actual speed that tracks the intended rate. Furthermore, the
torque response is modest (20%). On the other hand, the simulation results of Figure 6(c) show that THD’s
5-level inverter value rose to 3.93%, and the output voltage is in a sine wave shape. Meanwhile, the Pl
controller had a rate decrease at the speed setting step and had a significant ripple torque in the simulation
results of Figure 6(a) and Figure 6(b) for the PI controller. THD’s 5-level inverter value, on the other hand,
rose to 12.55 % (Figure 6(c)).
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Figure 6. The railway traction drive system fed by a 5-level T-type inverter with rotor resistance increasing to
50% analysis with (a) speed responses of SMC and PI controllers; (b) torque responses of SMC and PI
controllers of SMC and PI controllers; and (c) the THD of a T-type 5-level inverter of SMC and PI controllers
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6. CONCLUSION

This paper proposes successfully researching a speed and torque controller using SMC control to
control PMSMS motors fed by T-type multi-level inverters applied to railway traction drives. The simulation
results proved that the multi-level inverter gave a sinusoidal phase voltage response, and the current harmonic
distortion was slight. Furthermore, with the advantage of the T-type multi-level inverter, the speed and torque
loop SMC controller achieves such achievements as the small torque ripper response and the required speed
response. Responds to the necessary speed and torque even when system parameters change. However, the
torque ripper still needs to be improved by intelligent controllers such as fuzzy combined with a neural or
sliding mode controller connected with anti-vibration to strengthen and enhance this high-performance railway
traction drive.
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