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VELOCITY VECTOR CONTROLLED S-CURVE MOTION PROFILE IN PERMANENT MAGNET
SYNCHRONOUS MACHINE (PMSM)

ABSTRACT

In this paper, velocity vector control of the space vector pulse
width modulation technique of the field oriented controlled(FOC)
permanent magnet Dbrushless synchronous motor (PMSM) will be provided
according to asymmetric S-curve motion profile. The equations of S-
curve motion profiles and their models are obtained in MATLAB/
Simulink. The flow-chart of the algorithms and their implementations
are proposed and they are compared. In order to realize high precision
control at high speed, the acceleration and deceleration control are
discussed in detail and adopted. The experimental results are
presented based on TMS320x28xxx. The control becomes more flexible.
Simulation and experimental results show that the proposed approach of
asymmetric S-curve profile method is more useful for fast, less jerk,
vibration-less and smooth motion. So that the Dbest dynamical
performance of the motor is achieved.

Keywords: Permanent Magnet Synchronous Machine, Vector Control,

Speed Control, S-Curve, TMS320x28xxx

1. INTRODUCTION

Synchronous motors are used extensively in the industry due to
their high torque-power values, quiet operation and high efficiency.
Various control methods have been developed 1in permanent magnet
motors, which are Dbecoming increasingly common in parallel with
improvements 1in semiconductor technology. Besides the traditional
control methods, the wvector control and direct torque control methods
has also begun to be used in these types of motors. The stator of the
synchronous motors has a three-phase winding like the induction motor.
By using a permanent magnet instead of a winding on the rotor, the
problems caused by the brush and the collector are also eliminated
[1]. The use of high-energy permanent magnets in the rotor ensures
that the efficiency is higher than the same power synchronous motor by
removing the copper losses from the rotor windings. Despite these
advantages of permanent magnet synchronous motors, they need an
additional drive system using position sensor in torque and speed
control [2].
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Figure 1. Speed control of permanent magnet brushless synchronous
motor [3]

2. RESEARCH SIGNIFICANCE

In this study, speed control of the permanent magnet synchronous
motor (PMSM) is achieved by using space vector pulse width modulation
(SVPWM) technique, one of the advanced pulse width modulation (PWM)
techniques. Many studies have been done on this technique and articles
have been published. Due to the high performance characteristics of
SVPWM, 1its wusage area has Dbeen increasing 1in recent vyears. The
equations of motion profiles for speed control are obtained and used
both in simulation environment and experimental work. The control
algorithm of the motor control is implemented by using TMS320x28xxx
series of Texas Instruments’ microcontroller. The obtained control
algorithms for this paper will not only be used for PMSM motors, but
also for industrial electric motor drive systems and controls.

In this study, a mathematical model of the permanent magnet
brushless synchronous motor with respect to the stator and rotor
reference frames 1is obtained. The equations of space vector pulse
width modulation technique for motor control are obtained and the
control algorithms are proposed in MATLAB/Simulink. The real-time
implementation of the control algorithms is performed by using
TMS320x28xxx microcontroller.

3. PERMANENT MAGNET BRUSHLESS SYNCHRONOUS MACHINE MATHEMATICAL
MODEL
The mathematical model of the permanent magnet brushless
synchronous motor is stated in two frames, the stator reference frame
and the rotor reference frame.

3.1. Modeling of Permanent Magnet Brushless Synchronous Motor in
Stator Reference Frame
The motor is assumed to be sinusoidal wave current supplied and
star connected when the mathematical model of the stator reference
frame 1is derived. The three-phase stator equivalent circuit for the
star-connected motor is as given in Figure 2.
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Figure 2. Three-phase equivalent circuit of a permanent magnet
synchronous motor [3]

Vear Vsp and V. voltages are applied to the phase windings of the
motor and the iz, Igp and g currents flow through the phase windings.
R, Rp R, represent stator phase winding resistances, Lgg Lpp L, stator
phase winding inductances, Ly, Lpc,L;q inductances between stator phases

and e,, ey, e, represent back emf which occurs in the stator windings.
Stator voltages can be written as in Equation-1 from Figure 2.

Vsa Ra 0 0 l:sa d LaaLabLac l:sa €q
Vsb| = 0 R, O ||isp| + o LyaLppLpc||isn| + [€p (1)
V;c 00 Rc isc Lca ch Lcc iSC €c

The back emf 1is dependent on the magnetic flux of the rotor
magnet and the rotor speed, and can be expressed by Equation-2.

. Y (sin6,)
[ebl = —w, l/)m (Sin(er - 271'/3)) (2)
€ Y (sin(8, — 477/3))

Hence the motor is star connected and the windings are equal and

balanced with each other, it can be written as R, = R, = R, =R,
Lo =1Ly, =L =L, Lop = Lgc = Lpc = Lpg = Leg = Lep =M. )
Vea ROO l:sa 4 L-M 0 0 l:sa l/)m (sin 927”7)_[
Vsbl = [ORO|fisp|+5-| O L—M 0 Hz_sb]—wr Y (sin(8, — <7/3)) (3)
Yol LOORIHEse 0 0 L=Msel |y, (sin(e, — *7/5))
3.2. Modeling of Permanent Magnet Brushless Synchronous Motor

in Rotor Reference Frame
Clarke and Park transformations are wused to construct the
mathematical model of the three-phase motor according to the rotor
reference frame. The model obtained by the transformations resembles
the separately excited DC motor.
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Figure 3. D-Q axis equivalent circuit of the permanent magnet
synchronous motor [3]

The d-g axis voltage equations of the motor according to Figure-
3 are given in Equation [4 and 5].
. dig .
deRld +Ld?—erqlq (4)
. di .
Vg = Rig + Lg—} + wyLaia + 0, hm (5)
The d-g axis magnetic flux equations are given in Equation [6
and 8].

Ya = Lalq + P (6)
Vg = Lqlq 7)
Val _[R O01[ia], a[La O]Jia —Lqiq ]

i =lo wllal+als bl ol 1y, )

Vg is expressed as d-axis voltage, V, g-axis voltage, iz d-axis
current, i, g-axis current, w, rotor speed, Y, magnetization current,
Yy d-axis magnetic flux, Y, g-axis magnetic flux.

4. SPACE VECTOR PULSE WIDTH MODULATION

In the performance of permanent magnet Dbrushless synchronous
motor drivers, the modulation technique used for switching is of great
importance. SVPWM technique has advantages as very good harmonic
performance, broadening of the modulation index range, optimum use of
direct current input voltage and low current ripple [4 and 5]. The
appropriate choice of small space vectors and the equal switching time
and starting and ending states of the switching sequences provide
advantages such as low voltage ripple and low total harmonic
distortion. The SVPWM technigque uses a similar sequence. Therefore
their performance is Dbetter than other pulse width modulation
techniques. Thus, the space vector pulse width modulation technique
has a higher linear modulation rate than other pulse width modulation

techniques [6].
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Figure 4. Space vector pulse width modulation vector diagram [7]
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In the SVPWM technique, the three-phase reference currents are
represented by the current space vector in the a-f space using the
Clarke transformation. The length of the vector and the phase angle
are calculated by the instantaneous values of these three-phase
components. If the three-phase components are sinusoidal and balanced,
the vector will rotate at a constant angular velocity and will have a
fixed length. In other words, a rotating voltage vector will form. The
SVPWM technique 1s constructed by taking all the reference vectors
(Vref) in the hexagon, the weighted averages of the two space vectors
adjacent to Vref and the =zero vectors [8]. In Figure 5, the Vref
voltage vector and the components of this wvector are shown, for
example, in the first sector.

Figure 5. Reference voltage vector in sector-1 [7]

The V_ref wvoltage vector on o-p frame 1is expressed as in
Equation 9.

2 jZTL'/ j4-77.'/
Vier =V + Vg =2 (Va+ Vo 3+ Ve /s) (9)
The wvalues of the six voltage vectors, which each sector will
have in the border region, are as given in Equation 10.
2 —j(k—l)n'/

Vk=§ dc€ 3 k=1, ,6 (10)
k is the sector number.

Ts 1is chosen as switching period for the space vector PWM

technique. Equation [11 and 15] gives the equations related to the
calculation of the reference voltage over a period.

s/ Toy T+ 70/ T+ Thar+0/ Ts/

2 — 2 2 +1 2 2

Jo "2 Vyepdt = | ) Vodt + [, /, Viedt + ka+To /) Visadt + ka+Tk+1+To /, Vodt (11)
T0+Tk+Tk+1=;S (12)

T.
Vref;s = ViTx + Vier1Tiean
Vyep = 2Vgee 165 Tl L 2y, =5 T (15)
3 /5 3 /o

The voltage vectors for the o-f frame are expressed as in
Equation-16. Where T, ve Tyyq represent the operating duration of the
components of the reference voltage vector and are calculated as shown
in Equation 17.

k-1

[Va]Ts_Z cos )n/3 cos K7/ [Tk] (16)

- — 3 Vdc _

VB z 3 sin (k 1)”/3 sin kT[/3 Ti+1

k-1
T, ] V3T, cos { )n/g cosk”/3
- (17)
Tiet1

2 Vac | i (k= 1)ﬂ/3 sin kn/3
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In space vector PWM technique,
the used semiconductors are obtained by some calculations.

the active and cutoff times of

Active and

cut-off conditions of the switches and «, [ voltages are given in
Table 1.
Table 1. o, B voltages according to switching states [9]
Sl S3 S5 U, Ug Uet Vector
000 OFF OFF OFF 0 0 0 Vo
001 | OFF | OFF | ON —Upc/3 —UpcV3 | 2Upc/3 \A
010 | OFF | ON | OFF | —Upc/3 UpcV3 2Upc/3 V,
011 OFF ON ON —2Upc/3 0 2Upc/3 Vs
100 ON | OFF | OFF 2Upc/3 0 2Upc/3 \A
101 ON | OFF | ON Upc/3 —UpcV3 | 2Upc/3 Vs
110 ON ON | OFF Upc/3 UpcV3 2Upc/3 \'A
111 ON ON ON 0 0 0 Vv,
The switching states for the three-phase, two-level SVPWM

inverter are shown in Figure 6. There are a total of eight switching
states depending on the active and cut-off states of the parent keys.
The inverter output voltage is also due to the combination of these
eight switching states.
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Figure 6. PWM states of the phases for the six sectors [10]

5. S-CURVE MOTION PROFILES
Two different speed profiles will be used when speed control of
the permanent magnet brushless synchronous motor is performed.

5.1. S-Curve Speed Reference

The S-curve speed reference to be used for the speed control of
the permanent magnet brushless synchronous motor is as in Figure 7.
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Figure 7. S-curve speed profile
Jerk (J) 1s calculated and s-curve speed profile 1is created.
Equation [18 and 19] is used for the S-curve speed profile [11].

(] 0=<t<t
| 0 t<t<t
-] t;<t<ty
](f)={ 0 t3=t<t, (18)
—] ty<t<ts
lo ts <t <tg
] te<t<t,
V, + 0.5/ (t; — 0)? o<t<t, t=1t Vo=Vt 0.5/T;2
Vor +JTi(t2 — 1) ti<t<t, t=t, Voa=Voat+t/NTy
Voo +JTi(t; —t) —0.5](t; —t,)* t,<t<t; t=t; Voy3= Vo +0.5/T;>
V(t) = < Vos L <t<t,,t=1t, Vor = Vo3
Voa — 0.5/ (ts — t4)? tyst<ts (=1 y,.=V,,—05T>
Vos —JTs(ts — ts) ts St <l ti e Voo = Vo5 —JT5T,
Vos — JTs(t; — te) + 0.5/ (t; — t)? test<t; t=1

Vo7 = Wm-OSIEZ
(19)
5.2. Asymmetric S-Curve Speed Reference
The asymmetric S-curve speed reference to be used for speed
control of the permanent magnet brushless synchronous motor is as in
Figure 8.
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Figure 8. Asymmetric S-Curve speed profile

The asymmetric s-curve speed profile is calculated Dby
calculating Jerk (J). Equation [20 and 21] is used for the asymmetric
s-curve speed profile [12].

{]1 0<t<t
(0]

t,<t<t,
), tSt<ty
J)=1 0 tz3<t<t, (20)

0 ts<t<tg

_]2 t4St<t5
l]z te <t<t,

V, + 0.5];(t; — 0)? o<t<t, t=1¢ Va=V+ 0.5]T,?

Vor +J1T1(t; — £1) t,<t<t, t=t, Voz = Vo1 +JT1 T,

Voo + iTi(ts — ;) —05/3(t3 — t5)* t, <t <ty t=t3 Vo3= Vo, +0.5/T}°

V() =« Vos t;<t<t,,t=t, Voa = Vo3

Vos — 0.5],(ts — t4)? ts<t<ts t=1t y. =1V, —0.5Ts>

Vos — J2Ts(te — ts) ts=t<t, (=l Voe = Vos —JT5Ts

Vos — J2Ts(t; — ts) + 0.5],(t; — t)? test<t; t=1 Vo7 = Vo — 0.5]T5?
(21)

In equations 18 and 21, T, =(t;—t,), Ts=(ts—t,) are abbreviated.

6. SIMULATION AND EXPERIMENTAL METHOD-PROCESS

In this section, a simulation and experimental study on the
speed control of the permanent magnet synchronous motor in the
MATLAB/Simulink program using the space pulse width modulation
technique is described. The general structure of the motor control
algorithm is given in Figure 9.
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Figure 9. Permanent magnet brushless synchronous motor control
algorithm

SM080-075 motor is wused in the simulation of the control
algorithm and in the experimental work. The motor parameters are as
given in Table 2. System behaviors are observed by applying S-curve
motion profiles as speed reference.

Table 2. Parameters of permanent magnet brushless synchronous motor

[13 and 14]
Rated Speed w (rpm) 3000
Rated Torque T (Nm) 2.4
Rated Current I (Arms) 5
Stator Resistance (Phase-Phase) |R (Q) 0.713
Inductance (Phase-Phase) L (H) 0.00613
Pole Pair P 5
Magnet Flux Y (V.s) 0.045255
Inertia J (kgxm?) | 0.00011
Viscous Damping F (Nms) 4.047x1073

6.1. Simulation Results

The speed control with space vector pulse width modulation
(SVPWM) of permanent magnet Dbrushless synchronous motor is simulated
in MATLAB/Simulink program. Figure 10 shows the MATLAB/Simulink model
for system control.
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Figure 10. Speed control of the permanent magnet synchronous motor

When the S-curve speed reference is used as the reference speed
profile in the system, it is observed that there is no overshoot when
the speed reaches the rated speed. When the motor is at rated speed
and loaded with rated torque, a 4.66rad/s collapse 1is observed at
speed and the speed has reached the reference at 40ms. When the S-
curve motion profile is applied, the g-axis current in the
acceleration and deceleration region 1is observed to oscillate 2.5
Arms.

Figure 11. S-Curve speed reference and feedback (rpm)

When the asymmetric S-curve speed reference 1is used as the
reference speed profile in the system, it is observed that there is no
overshoot when the speed reaches the rated speed. When the motor is at
rated speed and loaded with rated torque, 4.66rad/s collapse is
observed at speed and 1t 1is seen that the reference of speed is
reached at 30ms. When the S-curve motion profile is applied, it 1is
observed that the g-axis current 1is oscillated at 2.5 Arms 1in the
acceleration region and at 0.5 Arms in the deceleration region.
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Figure 12. Asymmetric S-Curve speed reference and feedback (rpm)

6.2. Experimental Results

To provide speed control with space vector ©pulse width
modulation (SVPWM) of permanent magnet Dbrushless synchronous motor,
the TMS320x28xxx series microcontroller 1is used in the control card
which 1is designed at R&D Center. The microcontroller has a maximum
operating frequency of 90MHz and has a variety of peripherals (ADC,
eQEP, ePWM, eCAP, etc.) customized for motor applications. The
experimental setup used for this study is given in Figure 13. The
control card designed with TMS320x28xxx series microcontroller 1is
given in Figure 14.

Figure 13. The experimental setup
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Figure 14. Control card with TMS320x28xxx microcontroller

In order to load the test equipment, ECMA motor and ASDA-A2
series driver of Delta Company are used. Speed control of the SM080-
075 motor 1is carried out with the designed control card using the
TMS320x28xxx series microcontroller. Experimental study of the control
algorithm is performed by writing codes in C language using the space
pulse width modulation technique equations in Section 4 and the motion
profile equations in Section 5. Two different S-curve motion profiles
have been created to provide motor speed control. For S-curve speed
profile; the time from zero speed to rated speed (3000rpm) is set to
200ms, the duration of the rated speed to 600ms and from the rated
speed to zero speed to 200ms. For asymmetric S-curve speed profile;
the time from zero speed to the rated speed (3000rpm) is set to 200ms,
the duration of the rated speed to 300ms and from the rated speed to
zero speed to 400ms. The reference signal generated for motor control
and the speed information of the motors is plotted using Excel.
Figure-15 shows the speed signal obtained when the S-curve motion
profile is applied. Figure 16 shows the speed signal obtained when the
asymmetric S-curve motion profile is applied. On both profiles, when
loaded with rated torque at rated speed, a 5 rad/s collapse 1is
observed at speed.

3500
3000 - S=Curve SHQQd Reference and.Eeedback.(tom). ‘
2500
2000
1500 == Reference
= Feedback
1000
500
0 ‘%
s © Time (s) © 3
Figure 15. S-Curve speed reference and feedback (rpm)

214



Tetik, M. and Parlak, F. m

Technological Applied Sciences (NWSATAS), 2A0128, 2017; 12(4):203-217. &%
- -

3500 Asymetric S-Curve Speed Reference and Feedback (rpm)

3000

2500 \\
2000

== Reference
1500 \\ = Feedback

1000

500 \

= . 1 o
S © Time (s) © ©

Figure 16. Asymmetric S-Curve speed reference and feedback (rpm)

For the reference speed profiles used in the experimental study,
the acceleration graph is given in Figure 17 and the Jjerk graph is
given in Figure 18. In the experimental study, when the asymmetric s-
curve motion profile is applied, the effect of the Jerk formed in the
system 1is shown in Figure 18, and it 1is observed that the ripple is
less in the current.

st o |5-Curve Spsed Baarsn

=0

a0

S b s BLevn

Figure 17. Acceleration-Deceleration graph according to reference
speed profiles
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Figure 18. Jerk graph according to reference speed profiles

7. CONCLUSION AND RECOMMENDATIONS
The speed control with space vector pulse width modulation of
the permanent magnet brushless synchronous motor has been performed

for two different S-curve velocity profiles. Simulation and
experimental study are carried out using the same controller
coefficients 1in two different speed profiles. As a result of

simulation and experimental study, it 1is observed that there is no
overshoot in speed profile when both speed profiles reach the
reference speed. S-curve or asymmetric S-curve speed references can be
used to prevent vibrations (oscillations) that may occur due to jerk
in the system. Asymmetric S-curve speed reference may be preferred in
order to reduce the vibration (oscillation) in the deceleration region
in the speed control. It has been observed that there 1is less
oscillation in the deceleration region of the asymmetric S-curve. The
asymmetric S-curve can be preferred because this allows the generated
electrical torque to be more linear.

NOTE

After this study presented as oral presentation at International
Science Symposium (ISS2017) 1in Georgia-Tbilisi between dates 05-08
September 2017, it expanded and restructure.
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