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Abstract
In this paper, a modified direct torque controlTD) scheme for permanent magnet synchronous mol&kmp is

investigated, which enables low torque ripple by gsin improved voltage vector selection strategyems of switching table
used in conventional DTC. Based on the controltafos flux, torque angle and torque, voltage vecsetection strategy of
PMSM DTC drive is proposed. In the proposed voltagetor selection strategy, the applied voltagetarets determined
according to outputs of hysteresis comparatorssfator flux and torque, angular position of staftlux and torque angle, which
is finally synthesized by space vector modulat®wiM). Modeling and experimental results for anriostePMSM used in Honda
Civic 06My Hybrid electrical vehicle are given. Siation and experimental results show torque ripgledduced and the total
harmonics of stator current is decreased when coegpénose of conventional DTC. And a fixed switchiegufency is obtained
with the help of SVM. In addition, the proposed Odb@sn’t need any additional Pl controller, whichintains the simplicity in
conventional DTC.
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1. Introduction

With the development of automobile industy, airlpiidn, global warming and the rapid depletion loé t
earth’s petroleum resoucese are becoming seridastrigal vehicle (EV) which inclused battery EWhhid EV
and fuel cell EV has drawn increasing interestq2]]

Electric propulsion systems are the hearts of EWijciw functions as internal combustion engine in
conventional vehicle. They consist of electric mstgower converters and electronic controllers.p&smanent
magnet synchronous motor (PMSM) can offer many athges, including high effieciency, high power/ioeq
density and high reliability, it is widely used the modern EV [3]-[4]. For EV application which réces high
dynamic performance, field oreinted control (FOE€pften employed. Recently, another high-perforreacantrol
technique, named direct torque control (DTC) has &leen invistegated in PMSM drives [5]-[7]. Congshwith
FOC, DTC has the advantages of faster torque andrégulation, elimination of current regulatorsda@WM
generators, robustness to rotor parameters variakiarthermore, all calculations are implementedstationary
reference frame, therefore, the coordinate transdtion and continuous rotor position informatior aot required
and the structure of DTC is simple [8]-[9].

Despite the merits mentioned above, DTC also ptesame drawbacks, including large torque ripple an
variable switching frequency [10]-[11]. In naturd © is hysteresis control and voltage vector isfthal output
variable. Conventional DTC uses switching tablégsteresis control principle to select proper \gdtaectors. But
switching table can't always satisfy the controltofque [12]-[13]. Thus to get proper voltage vecselection
strategy is critical to suppress torque ripple. Emwitage vector selection strategies were proposfdt]-[16]. But
they can only be used for surface PMSM which cproduce reluctance torque or the motor whose paeamare
known. In this paper, a universal voltage vectdect®n strategy for PMSM is proposed. In the psgnbDTC, the
applied voltage vector is determined accordinguipots of hysteresis comparators for stator flux enmque, torque
angle and angular position of stator flux, whicliimglly synthesized by space vector modulation ¥8VModeling
and experimental results for an interior PMSM usetionda Civic 06My Hybrid electrical vehicle shaarque
ripple is reduced and the total harmonics of statorent is decreased when compared those of ctomahDTC.
And a fixed switching frequency is obtained witle thelp of SVM. In addition, the proposed DTC doeseed any
additional PI controller, which maintains the sirojy in conventional DTC.

2. Control of stator flux, torque angle and torque

Neglecting voltage drop on stator resistance, aglying a voltage vector for a short perifi] stator
flux is presented in Figure 1. According to Figdrehe change of the amplitude and angular posdfostator flux
can be expressed in (1) and (2), whigés stator flux, \is the applied voltage vectar,is the angle between stator
flux and the applied voltage vector.
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Figure 1. The move of stator flux vector

A, = Jp? +(V, )? + 2, IV, (Bt [osa —, €

A, = arcsin _ Vs [t BIHO’A (2)
VW2 +(V, D) + 2, IV, (M [Gosa

Here we define g shown in (3). Substituting (3pifit) and (2) and neglecting the move of rotor flwe
can use f andd to show the change of stator flux and torque adgketo the application of voltage vector.

A\ 3)
/8

f = 1+g?+2qcosa -1 (4)

AJ = arcsin gsina )

Vg% +1+2qcosa

According to (4) and (5), when 0<qg<0.1 anda®860, the change of stator flux and torque angle are
shown in Figure 2 and Figure 3, resepectively.
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Figure 2 The change of stator flux Figure 3 The change of torque angle

Figure 2 and Figure 3 show the control of statox thnd torque angle are dependent on the anglesbatw
stator flux and the applied voltage vecotr.alfis within (-90, 90), the applied voltage vector increases the
amplitude of stator flux and ifi is within (90, 270), it decreases the amplidue of stator fluxalfs within (0,
180), the applied voltage vector increases torqueeaagt ifa is within (180, 360), it decreases torque angle.

In stator flux reference frame, torque of the PMBMerms of the amplitude of stator flux and torqumgle
is presented in (6), wherg Bnd Ly are d- and g-axis stator inductanapsis permanent magnet flux, p is number of
pole parisp is torque angle.

T :%(sind—ksindcos&), k=M 6)

¢ d qu f

Thus we can define M shown in (7) to representdh@nge of torque due to the application of voltage
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vector.

M =,/1+g* +2qcosa sin(d + arcsin—3%%

V1+0® +2qcosa

—K[(L+ ? + 2qcosa)sin(@ + arcsin——a°"9

\1+0® +2qcosa
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Figure 4 The change of torque &5
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The equation of M shows the change of torque iseddent on kd and a. When ¢g=0.1, 0<k<l1 and
0'<a<360, the change of torque at different torque angéeshown in Figute 4 to Figure 13. Figure 4 to Fégli
show when torque angle is less than, %0a is within (90-5, 180-8), the applied voltage vector must increase
torque and ifx is within (2706-8, 360-8), it must decrease torque.

3. Voltage vector selection strategy

According to the control of stator flux, torque &n@nd torque, selection area for voltage vectorty/
increase stator flux and torque B+90, 65+90), selection area for voltage vectog,\o decrease stator flux and
increase torque isB&+90, 6,+180), selection area for voltage vectogMo decrease stator flux and torque is
(6,+270, B4+180), selection area for voltage vector,\Mo increase stator flux and decrease torquégdslg0,
8,+360), whereB,and®, are angular position of stator and rotor flux tatisnary referece frame.

Any voltage vector in selection area can be usecbturol stator flux and torque, so there are uitdich
voltage vector selection strategies. Here a voltaggtor selection strategy is proposed as an ebeamhich is
shown in (8).

D\711:m0d90°+95—g, 360)
OV, = mod@0 +95+907_‘5, 360) ®)

0OV,, = mod(JV,, +180, 360)
0OV, =mod(JV,, +180, 360)

According to (8), the angle of applied voltage vector istiaty. A voltage source inverter (VSI) can only
generate a limited number of discrete voltage vectors witll famplitude and angle, so the SVM must be used to
synthestize the applied voltage vector. In the SVM, the andpliaf applied voltage vector is constant which is the
radius of the inscribed circle of the hexagon shown in Hg Assuming the angle of applied voltage vectpisV
within (0, 60), V4, V, and 4 are used to synthesize,\The principle of SVM is shown in Fig. 15, wheérds the
angle between Yand \.

V, V,
\Z
v, v,
Vs Vs
Figure 14 The amplitude of applied voltage vector FigurélibSVM

According to Fig. 15 and the law of sine, we can getW®gre U, is dc-link voltage of VSI andlis the
sampling period.

2U dcT2 - 2Udc-l—l - \/?1] dcTs (9)
Xiny  3sinG0 -y) 3sin120

Thus in a sampling period;the applying periods of ¥V, and \g are shown in (10).

T, =sin(60 - ) [T,
T, =siny T,
To=T,-T,-T,

(10)
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The diagram of PMSM DTC drive using proposed voltage vestection strategy is shown in Fig.16,
where equ. (8) is used as voltage vector selection stratdggk-up table is used to determine torque angéndt
are outputs of hysteresis comparators for stator flux@mgie and § S and S are switching signals of VSI.

* SA
/8 Stator flux | ¢ -
comparator—»
[//8 .
OV, S
T r | Voltage vector—» SVM > VSI
§ _» lorque lecti
Comparator selection
T, strategy S
o
s~ ™ Look-up v |

v

T »  taple | %

Figure 16 The interior PMSM DTC drive using voltage vec&edtion strategy

Fig. 16 shows voltage vector selection strategy is used tomieeethe applying voltage vector instead of
switching table, which ensures applied voltage vectors caayalgatisfy the control of stator flux, torque angle and
torque. The proposed DTC still uses hysteresis compatatomtrol stator flux and torque and doesn’t require any
additonal PI controllers, which maintains the simplicity in cotiegal DTC. In additon, as the SVM is used to
generate switching signals, which fixes switching frequerfié§Sb.

4.  Simulation results

In this section, PMSM DTC drive simulation model based otld#&Simulink is built to testify theoretical
analysis. The simulation model is the continuous systetnagieén loop speed control. The motor used in simulation
is an interior PMSMused in Honda Civic 06My Hybrid electrical vehiclehose parameters are shown in TableThe
reference amplitude of stator flux is 0.06Wb. The refeganrque is 44.02Nm and its corresponding torque asgle
75. The hysteresis band for the amplitude of stator fluxG®2Wb and the hysteresis band for torque is 0.02Nm.
Simulation results of PMSM DTC drive under the control of shiitg table and voltage vector selection strategy
shown in (8) are given as follows. Switching table usediS® DTC drive is shown in Table. 2.

Table 1. The Performance of test motor

Pole pairs (p)  Stator resistance d-axis stator g-axis stator Permanent
(RS Q) inductance inductance magnet flux
(Ld/mH) (Ly/mH) (W/Whb)
6 0.0142 0.6660 0.8745 0.06

Table 2. Switching table of PMSM DTC drive

(0] T 91 92 63 94 95 es
1 1 Vs, V3 \2 Vs Vs Vi
1 0 Ve Vi V, V3 V4 Vs
0 1 V3 V4 V5 Vs Vl V2
0 0 Vs Ve Vi V, V3 V4

4.1. Switchingtable
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4.2. Voltage vector selection strategy
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4.3. Analysis

Comparing simulation results of PMSM DTC drive using switghiable and voltage vector selection
strategy, we can know switching table can always satisfycéimrol of the amplitude of stator flux, but it can't

always satisfy the control of torque and causes torqpéeripnd the proposed voltage vector selection strategy can
always satisfy the control of stator flux and torque.

5. Experimental results
5.1. Test bench

The test bench is shown in Fig. 21. It consists of thedast&or (the interior PMSMised in Honda Civic
06My Hybrid electrical vehiclg a controlled DC motor used to load the PMSM and a tonegter (Vibro-Meter TG-

10BP-M3). All time-dependent functions (current, voltageque and speed) presented in this thesis are recorded by
an oscilloscope (LeCroy wave Surfer 44Xs Oscilloscope).

Figure 21 Test bench
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The reference speed is 100rpm. The reference amplifustator flux is 0.06Wb. The widths of hysteresis
band for stator flux and torque are 0.02Wb and 0.02Erperimetnal results of PMSM DTC drive under the
control of switching table and voltage vector selection stragbgwn in (8) are given as follows.

5.2. Switching table
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Figure 22 The a-phase stator current (yellow wave, Figure 23 FFT of a-phase stator current @ empty load
5A/div), motor speed (green wave, 50rpm/div) and load
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Figure 26 FFT of a-phase stator current @ load
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5.3. Voltage vector selection strategy
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Figure 32 FFT of a-phase stator current @ load
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5.4. Analysis

Comparing experimental results of PMSM DTC drive undercimatrol of switching table and voltage
vector selection strategy, we can know the proposed volegjer selection strategy can reduce the total harmonics
of stator current and decrease current and torque rigpl@pared with switching table. In addition, switching
frequency is fixed in PMSM DTC drive using voltage vedelection strategy due to the use of SVM compared
with using switching table.

6. Conclusion

In this paper, the control of stator flux, torque angle tandue in PMSM DTC drive is investigated. The
angle between stator flux and the applied voltage vea)addtermines the control of stator flux and torque angle. If
a is within (-90, 90), the applied voltage vector increases stator flux armd g within (90, 270), it decreases
stator flux. Ifa is within (0, 180), the applied voltage vector increases torque angle andsifvithin (180, 360),
it decreases torque angle. When torque angle is less9taif o is within (90-8, 180-5), the applied voltage
vector must increase torque andifs within (270-8, 360-5), it must decrease torque. Thus selection area fpisV
(6,+90, 6:+90), selection area for 3 is (6s+90, 0,+180), selection area for 3d is (0,+270, B:+180), selection
area for \{gis (Bs+180, 8,+360). A voltage vector selection strategy is proposed whiels gator flux position and
torque angle information to determine the applied voltage venid uses SVM to generate it. Simulation and
experimental results prove the proposed voltage veetectson strategy can decrease stator current and torque
ripples and fix switching frequency compared with switchige.
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