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Abstrak

Kendali torsi langsung (DTC) untuk motor sinkron magnet permanen (PMSM) dengan kendali
tabel penyaklaran memiliki kekurangan pada riak torsi yang tinggi dan frekuensi penyaklaran yang variabel.
Untuk sistem DTC PMSM, strategi pemilihan vektor tegangan sebagai prinsip kendali histeresis
menentukan kinerja sistem. Sudut (@) antara vektor fluks stator dan vektor tegangan yang dipilih,
menentukan efek vektor tegangan pada amplitudo fluks stator dan sudut torsi. Efek dari vektor tegangan
pada toque tergantung pada a, sudut torsi dan parameter PMSM. Sebuah strategi pemilihan vektor
tegangan berdasarkan teknologi modulasi vektor ruang (SVM) diusulkan untuk mengendalikan fluks stator,
sudut torsi dan torsi. Hasil eksperimen yang diujikan pada motor PMSM 15-kW jenis interior menunjukkan
bahwa riak arus dan torsi stator dapat diturunkan dengan frekuensi switching yang konstan.

Kata kunci: DTC, PMSM, SVM, strategi pemilihan vektor tegangan

Abstract

The direct torque control (DTC) for permanent magnet synchronous motor (PMSM) under the
control of switching table suffers from high torque ripple and variable switching frequency. For PMSM DTC
system, voltage vector selection strategy as the hysteresis control principle determines the system’s
performance. The angle (a) between stator flux vector and the applying voltage vector determines effect of
the voltage vector on the amplitude of stator flux and torque angle. The effect of the voltage vector on
toque is dependent on ¢, torque angle and parameters of PMSM. A voltage vector selection strategy
based on the technology of space vector modulation (SVM) is proposed to control stator flux, torque angle
and torque. Experimental results for a 15-kW interior PMSM show it can decrease stator current and
torque ripples and fix the switching frequency.
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1. Introduction

The direct torque control (DTC) for permanent magnet synchronous motor (PMSM)
possesses have many advantages: simple control configuration, low parameter dependency,
fast dynamic response, lack of coordinate transformation and rotor position except for the initial
position. But it also suffers from some disadvantages, especially high torque ripple and variable
switching frequency [1]-[3]. In nature the DTC is the hysteresis control. Voltage vector selection
strategy as the hysteresis control principle determines the system’s performance. Normally
switching table is used as voltage vector selection strategy to control the amplitude of stator flux
and torque. But switching table can’t always satisfy the control of torque [4], [5]. Thus to study
voltage vector selection strategy is critical to improve the PMSM DTC system’s performance [6]-
[8].

In this paper, effects of voltage vector on the amplitude of stator flux, torque angle and
torque are studied. A simplified voltage vector selection strategy based on space vector
modulation (SVM) for a 15-kW interior PMSM is given. Experimental results show the voltage
vector selection strategy proposed in this paper can decrease torque and current ripples and fix
the switching frequency compared with switching table.
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2. Effects of Voltage Vector
Neglecting voltage drop on stator resistance, after applying voltage vector V for a short

period At, stator flux vector of the motor is presented in (1) and Figure 1. Figure 1 implies the
application of voltage vector will change the amplitude and angular position of stator flux vector
at the same time. And the latter will affect the change of torque angle, the angle between stator

and rotor flux vectors. The initial stator flux vector is (/75 . After applying \7S for At, it is (/7;

gL =@, +V, It -0 R At =@ +V, Dt 1)

Figure 1. The move of stator flux vector

According the law of cosine and Figure 1, after applying voltage vector \7S for At, the
amplitude of stator flux can be expressed in (2).

@l = @2 +(V, [D)? + 2, [V, [t [Bosa @
Here we define g shown in (3). Thus (2) can be rewritten into (4).

q=V, At/@, 3)

gL =@ \1+q? +2qcosa @)

As ;>0 holds true, we define f shown in (5) to represent the change of the

amplitude of stator flux due to the application of the voltage vector. If f>0 means the voltage
vector increases the amplitude of stator flux and if f<O means the voltage vector decreases it.

f =1+q? +2qcosa -1 )

According the law of sine and equ. (3), neglecting the move of rotor flux vector, after
applying the voltage vector for At, the change of torque angle can be expressed in (6).

gsina (6)

VJ1+ 0% +2qcosa

According to (5) and (6), f versus a and Ad versus a with the parameter 0<g<0.0lare
shown in Figure 2 and Figure 3. Figure 2 shows if the angle between stator flux vector and the
applying voltage vector is within (-90°, 90"), voltage vector increases the amplitude of stator flux
and if the angle is within (90, 270), voltage vector decreases the amplitude of stator flux.
Figure 3 shows if the angle between stator flux vector and the applying voltage vector is within
(0°, 180°), voltage vector increases torque angle and if the angle is within (180°, 360°), voltage
vector decreases torque angle.

AS=AJ, =arcsin
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Figure 2. f versus a Figure 3. Ad versus a

In stator flux reference frame, the torque of PMSM in terms of the amplitude of stator
flux and torque angle is presented in (7).

:3plﬁs . _ _ . (7)
T, 4Lqu[2¢/quS|n5 l,Z?S(Lq L,y)sin29]

Here we define k as the following and (7) can be rewritten into (9).

K= (Ly — L), (8)
7y
T, :%le_fws(sjna—kgnacosa) 9)

d

According to the definition of k and equation. (4), after applying voltage vector for At, the
value of k is presented in (10).

k' =kq/1+ g2 + 20 cosa (10)

Substituting (4), (6) and (10) into (9), after applying voltage vector for At, the torque of PMSM is
shown in (11).

3 :
T :7pwfws[\/l+ o? + 2qcosa sin(J +arcsin—319 )
2L, \1+0® + 2qcosa (11)

gsina gsina

— )
VJ1+q? + 2qcosa J1+ %+ 2qcosa

—-k(1+ g* + 2qcosa)sin(J + arcsin )cos(d +arcsin

As > 0 holds true, we define M shown in (12) to represent the change of torque

3py .,

2L,
due to the application of voltage vector. If M>0 means voltage vector increases torque and if
M<0 means voltage vector decreases torque.

gsina
J1+0? +2qcosa

gsina gsina

J1+0% +2qcosa 1+ 0%+ 2qcosa

Equ. (12) shows the change of torque due to the application of voltage vector is dependent on
k, dand a.

M =,/1+q? +2qcosa sin(d +arcsin )-sind

(12)
-Kk[(1+9g? +2qcosa)sin(d +arcsin

)cos(d +arcsin )—sindcosd]
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The tested motor is a 15kw interior PMSM. Its parameters are shown in Table. 1. The
reference amplitude of stator flux is 0.06Wb. According to equ. (8) and Table. 1, k=0.238.
According to (12), M versus a with 0'<3<90" and k=0.238 is shown in Figure 4. Figure 4 shows if
the angle between stator flux vector and the applying voltage vector is within (0°, 103"), voltage
vector increases torque and if the angle is within (180", 282°), voltage vector decreases torque.

Table 1. The Parameters of tested PMSM oL

Parameters Notations values

Pole pairs p 6

Stator resistance Rs 0.0142Q

d-axis stator Lg 0.6660mH

inductance

g-axis stator Lq 0.8745mH

inductance

Permanent flux 0 0.06Wb

-0.013
0

Il Il Il
90 103 120 180 2770283 360
wdeg

Figure 4. M versus a

3. Voltage vector selecton strategy

According to effects of voltage vector on the amplitude of stator flux, torque angle and
torque of the tested PMSM, the selection area for Vy; (voltage vector to increase the amplitude
of stator flux, torque angle and torque) is (3s, 5:+90), the selection area for Vo, (voltage vector
to decrease the amplitude of stator flux and increase torque angle and torque) is (3s+90,
5+103"), the selection area for Vq, (voltage vector to decrease the amplitude of stator flux,
torque angle and torque) is (5s+180°, 8,+270°), the selection area for Vi, (voltage vector to
increase the amplitude of stator flux and decrease torque angle and torque) is (3,+270°, 3,+283),
where & is the angular position of stator flux vector in the stationary reference frame.

According to voltage vector selection area, a simplified voltage vector selection strategy
for the tested motor is proposed shown in (13).

0OV,, =mod(J, +60°, 360°)
OV, =mod(d, +100°, 360°)
OV, =mod(0V,, +180°, 360°)
0V,, =mod(0V,, +180°, 360°)

(13)

The angular position of voltage vector obtained by equ. (13) is arbitrary, so the
technology of space vector modulation (SVM) must be used to generate the applying voltage
vector. In the SVM, the amplitude of the applying voltage vector is constant which is the radius
of the inscribed circle of the hexagon shown in Figure 5. According to Figure 5, it is shown in
(14), where Ug, is the dc-link voltage.

(14)
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We assume that the applying voltage vector locates between V; and V, shown in Figure 6,
where vy is the angle between V, and the applying voltage vector V.
According to the law of sine, (15) holds true.

2U dcTZ - 2U dch — \/_aJ dcTs

. . S i s (15)
3siny 3sin(60 —y) 3sin120
Thus the applying time of Vy, V, and V, in a sampling period is shown in (16).
T, =sin(60" - ) [T,
T, =siny [0, (16)

To :Ts _Tl _Tz

The diagram of the PMSM DTC system using voltage vector selection strategy is shown
in Figure 7.

V, Vv,
v
v, v,
Vs Ve
Figure 5. The amplitude of the applying Figure 6. The SVM

voltage vector

0. Stator flux | ¢ " Sa
g comparator Ov
T ) Voltage | SVM e Inverter
eI Torgue T vector S
T comparator selection >
¢ strategy
Angular position of O
stator flux vector

Figure 7. The PMSM DTC system using voltage vector selection strategy

4. Experimental results
4.1. Test bench

A TMS320F2812 digital signal processing (DSP) is used to carry out the real-time
algorithms. Three single-phase insulated gate bipolar transistor (IGBT) intelligent power
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modules (Semikron semix 202GB066HDs) are used for the inverter. With the help of Real Time
Interface (RTI) software, real-time control codes are generated automatically from the Simulink
model. The test bench is shown in Figure 8, where a DC machine is used to load the PMSM
and a torque meter is used to measure the load torque.

Figure 8. Test bench

4.2. Switching table

Switching table is used as voltage vector selection strategy of the PMSM DTC system
shown in Table. 2. The reference amplitude of stator flux is 0.06Wb. The reference speed is
100rpm. The hysteresis band for the amplitude of stator flux is 0.002Wb and the hysteresis
band for torque is 0.002Nm. The sampling period for speed control loop is 0.01s and the
sampling period for stator flux and torque control loop is 350 1 s.

Table 2. Switching table

¢ T 6; 6, s 0, 6s 05
1 1 V, Vs V4 Vs Vs Vi
1 0 VG V]_ Vz V3 V4 V5
0 1 V3 V4 V5 Ve Vl V2
0 0 V5 Vs V 1 Vz V3 V4

25005 Xi= -1040ms B 00us
Ka= -B00ms 1 -40kHz Xa= -10140ms 1dE

) C1 has been saved in EAC1 B00023.csv B Hardoopy saved to: Elldreh-26rad77.bmp

Figure 8. The a-phase stator current (5A/div) Figure 9. The a-phase stator voltage (4V/div)
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When the motor speed is 100rpm at empty-load, the a-phase stator current and the a-
phase stator voltage of the PMSM are shown in Figure 9 and Figure 10. When the motor speed
is 100rpm, a negative load torque is applied on the PMSM. And the a-phase stator current (the
yellow wave) and the load torque (the red wave) are shown in Figure 11.

ase Trioger Display Cursors Measure Math Analysis Utiities Help

ol | |JH

fhi ! o |

B C1 has been saved in EACTBC00BD.cv

e In €101 NN 39 Figure 11. The a-phase stator current

Figure 10. The a-phase stator voltage (20A/div) (5A/div)
and the load torque (10Nm/div)

4.3. Voltage vector selection

Voltage vector selection strategy shown in (13) is used in the PMSM DTC system. The
reference amplitude of stator flux is 0.06Wb. The reference speed is 100rpm. The hysteresis
band for the amplitude of stator flux is 0.002Wb and the hysteresis band for torque is 0.002Nm.
The sampling period for speed control loop is 0.01s and the sampling period for stator flux and
torque control loop is 350 1 s.

When the motor speed is 100rpm at empty-load, the a-phase stator current and the a-
phase stator voltage of the PMSM are shown in Figure 11 and Figure 12. When the motor
speed is 100rpm, the same negative load torque is applied on the PMSM. And the a-phase
stator current (the yellow wave) and the load torque (the red wave) are shown in Figure 13.

File Vertical Timebase Trigger Display easure  Math ysis Utiliies Help

ath Analysls  Utlities  Help

Xo= A0240ps 1= -

B Hardeopy saved to: Eldlrsh- 2grad9g brap B
1= 65 m
Xo= -10Dps 1 17T Hz
F|g ure 12. The a-phase stator D) Hardcopy saved to: Edreh-20rad1 67 omp

voltage (4V/div) Figure 13. The a-phase stator voltage (20A/div) and

the load torque (LONm/div)
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4.4. Analysis

According to Figure 8 and Figure 11, voltage vector selection strategy can decrease
stator current ripple compared with switching table. According to Figure 9 and Figure 12, voltage
vector selection strategy can fix the switching frequency compared with switching table.
According to Figure 10 and Figure 13, voltage vector selection strategy can decrease stator
current and torque ripples compared with switching table.

5. Conclusion

In this paper, effects of voltage vector on the amplitude of stator flux, torque angle and
torque of the PMSM DTC system is studied. If the angle between stator flux vector and the
applying voltage vector is within (-90°, 90"), voltage vector increases the amplitude of stator flux
and if the angle is within (90", 270"), voltage vector decreases the amplitude of stator flux. If the
angle is within (0°, 180°), voltage vector increases torque angle and if the angle is within (180",
360"), voltage vector decreases torque angle. The change of torque due to the application of
voltage vector is dependent on k, & and a. A simplified voltage vector selection strategy for the
tested PMSM is proposed, where the SVM is used to generate the applying voltage vector.
Eperimental results show voltage vector selection strategy can decrease stator current and
torque ripples and fix the switching frequency compared with switching table.
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