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Abstract:  The direct torque control theory has achieved great success in the control of induction
motors. However, in the DT C drive system of Permanent Magnet Synchronous M achine (PMSM )
proposed a few years ago, there are many basic theoretical problems that must be clarified- This pa—
per describes an investigation about the effect of the zero voltage space vectors in the DTC system of
PMSM and points out that if using the zero voltage space vectors rationally, not only can the DTC
system be driven successfully but also the torque ripple is reduced and the performance of the system
is improved. This paper also studies the sensorless technique in the DT C system of PMSM and con-—
figures the DT C system of PMSM with sensorless technique including zero voltage space vectors. Nu—

merical simulations and experiment al tests have proved the theory correct. In the condition of sensor—

less, the DTC system of PMSM is widerangely speed adjusting, and the ratio of speed adjustment is

1 100.
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The DTC for induction machines proposed in
the middle of 1980°s has been used in many appli-
cations already. In 1990’s, many attempts have
been made to implement the idea of the DTC of in—
duction to PMSM, however, the current con—
trollers were not eliminated in these strategies and
could not control the torque directly by voltage
Only the DTC theory of PM SM

proposed in 1997 has the same advantages as the

1
space Vectorsl I

. . .12 .
DTC of an induction machine'”. Not just so,
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many potential advantages were found in this
scheme: for example, the field-weakening control
becomes easier because the stator flux linkage can
be controlled directly n the DTC system of a
PMSM'Y; sensorless control becomes possible be—
cause the method does not need accurate rotor posi—
tion information. In recent years, the modified
strategy of the DTC system of PMSM, which is
named Space Vector Modulation (SVM), hasbeen
studied further to reduce the torque ripple'™. This
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is a strategy to produce multiple voltage space vec—
tors in the sampling interval. For convenience,
this strategy is called SVM-DTC, and the tradi-
tional strategy, which produces only one voltage
space vector, is called Basic DTC. However, the
DTC system of PMSM has many basic theoretical
problems that have not been clarified yet. For ex—
ample, what kind of role exactly do the zero volt-
age space vectors play on the DTC system of
PMSM? 1Tt shows clearly in Ref.[2] that zero volt—
age space vectors should not be used in the DTC
system of PMSM when Basic DT C is adopted;
otherwise, the system cannot work properly. So,
there are no zero voltage space vectors in the corre-
sponding switch table but six other voltage space
vectors. However, for the SVM-DT C, why does
the system run in order when using the zero volt-
age space vectors? Certainly, some abnormal status
could be emerged while debugging the SVM -DTC
control program. Is it because of the zero voltage
space vectors? Therefore, what the zero voltage
space vectors act as in the DT C system of PM SM
is one mportant theoretical problem. If this prob—
lem is not solved, it cannot be said that a perfect
theory on the DT C of a PMSM is established.

The sensorless control is an important tech—
nique. In the Field Oriented Control system of
PMSM, the sensorless control scheme has been
shown up in literature, while, in the DT C system,
it has just began to be studied. DT C does not need
accurate rotor position information, which leads to
much easier implement of sensorless control in the
DTC than in the Field Oriented Control of
PMSM.

This paper will carry out deeply research from
the aspects of basic theory of DT C of PMSM and
the sensorless control, etc; at the same time, a ra—
tio of wide—range speed adjustment of 1 100 is re-

alized in the experiment device.

I Basic Theory of DTC of PMSM

If controlling ®, let | 4 = constant, and ne-
glecting the stator resistance, the torque of the

PMSM and its differential coefficient can be de-

rived
T = %p[%’(ixsin5+ iycosd) —

R (iccosS— iysind)] = %pml‘y (1)

dT 3Q|g ’
0 4LDLQ[2(PL()5(:055—

2| (q (Lo - L/))(‘ScosZ(S] = 3%IL%‘[Z(I?COS(S—

2l M (1~ Lo/Lo)cos26)8 (2)
where p is the Number of pole pairs; ®Rand Pare
the stator flux linkage and rotor flux linkage; @
and 9 are the components of the stator flux link-
age on the axis of D and Q; iv and iy are the com—
ponents of the axis of x and y. The load angle 0 is
the angle between the stator flux Pand %. Here,
| qa = constant, because the rotor is PM excited.
Lo, Lo are D-axis and (-axis inductance respec—
tively.

Eq. (2) implies that the torque increases with
the increase in O subject to some conditions. By
changing 0 quickly, the torque can be changed
quickly too.

In fact, any change AO consists of two parts:
angular change Ad- of Pand angular change Adr of
P

Ad= AG + Ad (3)

A& can be controlled by selecting the proper
voltage space vectors. AG-= 0, when zero voltage
space vectors are selected.

A& is due to the motion of the rotor. The
faster the rotor rotates, the larger the Ad is. If the
rotating speed is zero, Adi= 0.

2 Effed of the Zero Voltage

Space Vectors

AS= AO.+ NAO = ang(UT.) — wT. (4
where Ui is a voltage space vector; Ts is sampling
interval. If zero voltage space vectors are selected,
then it is seen that AO= Ad= - wTs. T his means
that 6 will decrease and hence the developed torque
will be reduced, which is exactly the same asin the
induction machine system. Thus, it should be ac—

cepted naturally that if the control mode of the in—
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duction machine is adopted, the system would also
work properly. And then, the control switch table
for the positive direction operation is shown in
Table 1. Ref.[2] indicates that the system will be
often in a protected condition and operates out of

order if PMSM is under the control of this table.

Only when zero voltage space vectors are eliminat—
ed, can the motor work properly, that is to replace
Table 1 with Table 2. The condition of the nega—
tive direction is similar to that of the positive direc—

tion, which has been discussed above.

Table 1 'The switch table for the positive direction operation

Y. T8 60 82 CE) 6) 65) 8o
we 1 =1 Ux(110) Us(0 10) Us(011) Us(00 1) Us(101) Ui(100)
=0 Us(111) Uo(0 00) (111 Uo(00 0) us(111) Uo(0 00)
=1 Us(01 0) U0 11) Us(0 0 1) Us(10 1) Uy(100) Ux(110)
v=0 Uq(00 0) Us(111) Us(0 0 0) U(111) Us(0 0 0) Us(111)

The table is exactly the same as the one in the induction motor!®!.

Table 2 The switch table for the positive direction operation without using zero voltage space vectors

W, T, 8w 8, 8 85 B4 Bs) D)
e, Tl U110 U5(0 10) U0 11) Us(00 1) Us(10 1) U/(100)
=0 U101 Ui(100) Us(110) Us(010) Us(0 1 1) Us(0 0 1)
wy Tl U010 U(0 1 1) Us(0 0 1) Us(10 1) Ui(100) Us(110)
= 0 Us(00 1) Us(101) Ui(100) U(110) U(010) U0 11)

In Table 1 and Table 2, W and Tare the out-
puts of the hysteresis controller for the flux linkage
and torque, respectively. If W= 1, then the actual
flux linkage is smaller than the reference value.
The same is true for the torque. 8186 are region
numbers for the stator flux linkage positionslz’ o
Uo-Us are the voltage space vectors.

Therefore, Ref.[2] concludes that zero volt—
age space vectors work differently in the induction
machine and PMSM, and zero voltage space vec—
tors cannot be used in the PMSM. Explanation
cannot be given at that time, bul experiment
shows it clearly.

However, in recent years, zero voltage space
vectors have been used again naturally with satisfy—
ing experimental results when SVM -DTC strategy
is studied further. Why do both the experiments
come to the contradictory conclusion? For the sake
of the improvement of the DTC theory in PM SM,
it is necessary to make clear what role zero voltage
space vectors play on the DTC system of PM SM.

AS and Ad should have to be calculated care-
fully in order to make clear the role of the zero
voltage space vectors in synchronous motors. It
can be seen that when the rotor speed is less than,
say, 5000 r/min, A is so small that it can be ne—
glected. For example, if w= 3000 v/ min, T:=

100us, AS only equals — 1. 8 If driving a heavy
load, O is about 90< so that Ad/O= 2%, there—
fore, change of 0 is very small. If w= 300 r/ min,
A8/S= 0. 2% only. Due to this reason, the
change of torque caused by Adris also very small.

On the other hand, according to the experi-
mental result, average change of O set off by the
non-zero voltage space vectors in sampling interval
Ts, i-e. A&, becomes about 9 =18 which is 10—
100 times that of Ad. Thus, the zero voltage
space vectors in the DTC system of a PMSM hold
the torque rather than decrease it. This is true on—
ly in the case that the rotating speed is not too
high. If the speed exceeds 10 000 rev/min, de—
creased torque contributed by the zero voltage
space vectors will cause more than 6 <f change in &
during T of 100us. Therefore the decrease in
torque contributed by the zero voltage space vec—
tors should be considered.

3 A Novel Control Strategy of
DTC of PMSM

Considering that the zero voltage space vectors
have the ability to hold the function holding
torque.- T his novel strategy including zero voltage

space vectors is shown below
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1 T. - Te> AT/2
ift=¢ 0 |T:- 7| =AT/2
-1 Te = Te<—- AT/2

where AT is the range of the allowed torque rip—

ple; Te is torque reference; T'eis the real torque.
Then the switch table can be obtained as T able 3.

Table 3 The switch table for the positive direction operation using zero vol tage space vectors

W, T8N 81 e 3 ) 85) 8
=1 U110 U;(0 10) U:0 11 U500 1) Us(10 1) U:(100)
wo1l =0 U111 Us(0 00) U(111) Us(00 0) Us(11 1) Us(0 00)
=1 Uf101) Ui(100) Us(1 10) Us(010) U0 1 1) Us(0 0 1)
=1  U,(010) U011 Us(0 0 1) Us(10 1) U:(100) U>(110)
W0 =0  Uy000) U(111) Us(0 00) U(11 1) Us(0 0 0) U(111)
=0  U5001) Us(101) Ui(100) Us(110) Us(0 1 0) U0 11)

4 Sensorless Control Technique

4.1 Orientation of the rotor pole initial position

In the DT C control, only by the acquisition of
which region where the initial position of the pole
lies among the six regions, can the space voltage
vectors be selected. T herefore, compared with the
Field Oriented Control strategy, DTC strategy re—
quests much less accuracy of the iitial position,
which is the advantage of DTC strategy. Under
the situation that the load is not affected by the ini-
tial rotating direction strictly, the initial position
will be orientated easily by using the following
method.

Switch on the lower IGBT of the phase B and
C, and at the same time, control both the upper
and the lower transistors of the phase A in way of
Chopping control (the duty is 0. 1). T hen the flux
linkage P will be formed in the direction of axis A
in the motor, which causes the rotor pole to turn
to the phase A of the motor, and the initial posi-
tion of the rotor pole is orientated simultaneously.
4.2 Sensorless control scheme

In the stable condition, the stator flux linkage
of synchronous motors rotates at the same speed as
the rotor, that is 1= 0. In the static axis of the
stator, there is

@_d[ q_a]w

w = - Earctanqg— Q%+ Q?
for B = Up - inRs
B = Up- ioR-
then

(Up — ioRYW - (Up— ipRHK
@+ B

w= W=

where Up and Up are the components of the termi—
nal voltage U on the axis of () and D, respectively,
which can be calculated by the Unc on the DC side
and the space vectorsin the sample interval; 9 and
@) are the controlling variables in the DT C strategy
and have been calculated during the control. Ac-
cording to the formula above, the rotor rotating
speed can be easily obtained. However, it should
be noted that the formula only applies to calculat—
ing the rotating speed in the stable condition. Be-
cause (U is not equal to (W totally in the dynamic
condition, some modulation should have to be

done.

5 Simulation and Experimental T est

The parameters of the PMSM are given in the
appendix. The block diagram of a PMSM drive
with DT C is shown as Fig 1, where the flux esti-
mator can be expressed as

B(k) = B(k- 1)+ (Un(k- 1) = Rin)T-
Rk) = R(k- 1)+ (Uo(k- 1) = Rig)T-

| @] = B+ Bo
lPw | = VY &haw + dhw

Ubc | 3phase @—@
inverter

(32
o ?. 1 2
Hp
T7° ip| ig|
T t
T orque
hys estimator

Fig.1 Theblock diagram of a PMSM drive with DTC

© 1994-2010 China Academic Journal Electronic Publishing House. Open access under CC BY-NC-ND license. http://www.cnki.net


http://creativecommons.org/licenses/by-nc-nd/4.0/

May 2003

Permanent Magnet Synchronous Motor

Direct T orque Control System and Sensorless T echnique of

- 101 -

DSP TMS320C32 is used for real time control of
the PM SM.

Fig. 2 is the simulation results of the torque
ripple under the control strategy including and ex—
cluding zero voltage space vectors, that is, Fig.2
(a) corresponds to the control method in T able 2

and Fig.2(b) to that in T able 3.

torque/(N-m)

0.14 0.5 0.16 0.17 0.8 0.19

s
(a)torque ripple without using zero voltage vectors

6-~ ....... B P

torque/(N-m)

014 0.15 0.16 017 0.18 0.19

Us
(b)torque ripple with using zero voltage vectors

Fig.2 Simulation results of torque ripple

It can be seen in the figure that the torque
ripple is much more in the strategy without using
zero voltage space vectors than the one with using
zero voltage space vectors, which means that the
zero voltage space vectors exactly have the ability
to hold the function holding torque. In this way,
the switching times of the transistor will be re—
duced sharply, and the consumption will be de-
creased with lower disturbance.

It also shows some simulation results of the
dynamic response under the control strategy in—
cluding zero voltage space vectors. It can be ob—
served that the response time of torque change
from SN*m to — 5SN*m is 2ms only, which is the
same as that in the control without using zero volt—
age space vectors, and therefore, the dynamic re—
sponse will not be worsened by using zero voltage
space vectors.

Fig. 3 is the experimental results of the dy—

namic response under the control strategy including

zero voltage space vectors. It is proved correct that
the response time of a torque change from SN°*m
to — 5N*m is only 2ms, which is thoroughly simi-

lar to the results of simulation.

Chl: torque reference

Ch2: torque response ldiv= 4N*m
torque response( — SN*m to SN*m)
Fig- 3 The experimental results
Fig- 4 shows the speed-tracking curve of the
DTC system of PMSM including the zero voltage

space vectors with using sensorless technique.

O -
Testele § vi 268

-
»E

Chl: speed reterence ldiv= 500r/ min
Ch2: speed response 1div= 5001/ min
Fig. 4 Speed-tracking curve in the sensorless condition
It can be derived from this figure that al-
though the formulato estimate the speed, which is
adopted in the sensorless control, is relatively sim—
ple, it contributes to a good performance when
tracking the speed reference.

Fig. 5 indicates the speed error in the DTC

2.5
- 20r¢
£ ) A
£ \u N
§ 0.5 \-N/"'&\’

0.0
V] 500 1000 1500 2000 2500

speed/(r-min™")

Fig.5 Speed error in the sensorless condition
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system of PMSM with using sensorless control.
This motor’s rated speed is 1500 r/min. It
can reach the maxim speed 2000 r/min with the
aid of the field—=w eakening control, and can fall to
the minimum speed 20 r/min by using novel filter
technique when the motor rotates at low speed. In
the motion control of this system, the ratio is up to
1 100, the error ratio is less than 2% and below

1% when the motor is running at high speed.

6 Conclusions

(1) By dividing the control scheme of the
torque to include regimes of increase, decrease and
hold, and using the zero voltage space vectors to
hold the torque, the DTC system of PMSM can
not only work properly, but also improve the per—
formance of the system. Therefore the zero voltage
space vectors should be used and should not be for—
saken, in the DTC system of PMSM. Thus, one
can draw the conclusion that zero voltage space
vectors should be used in the control of both Basic
DTC and SVM-DTC, which will solve the previ-
ous contradiction.

(2) With the help of the filter, the sensorless
Basic DTC strategy including the zero voliage
space vectors can decrease largely the frequency of
the torque ripple and decelerate to 20r/ min at low

speed. The ratio in the motion control can reach 1

+100.

A ppendix
Parameters of the machine used in simulation
Voltage U,: 20V Rated power P: 1 kW
Rated speed W,: 1500 1/ min Rated current I: 2 A
D-axis inductance Lp: 0. 1133H  Q-axk inductance Lo: 0. 1295H

Stator resistance R

20.51Q  Magnet flux linkage @ 0.6115w1,

Rated torque T 5N*m  Number of pole pairs p: 2

References

[1] French C, Acarnley P. Direct torque control of permanent
magnet drive [ A]. In Proc of IEEE Industry Application
Society Annual Meeting[ C]. Fbrida, USA, 1995. 199-
206.

[2] Zhong L, Rahman M F, HuY W.
torque control in permanent magnet synchronous drives[ J] .
IEEE Trans on Power Electronics, 1997, 12(3): 529-
536.

[3] Rahman M F, Zhong L, Lim K W. A direct torque con—

trolled interior permanent magnet synchronous motor drive

Analysis  of  direct

incorporating field weakening [J]. IEEE T rans On Industry
Applications, 1998, 34(6): 1246- 1253.

[4] TangL, Zhong L, Rahman M F, et al. A novel direct
torque control scheme for interior permanent magnet syn—
chronous machine drive system with low ripple in torque and
flux > and fixed switching frequency[ A]. IEEE PESC, 33™
[C].2002.529- 534.

[5]  Takahashi I. A new quick—response and high—efficiency con—
trol strategy of an induction motor[ J]. IEEE Trans on In-

dustry Application, 1986, 22(5): 820- 827.

Biographies:
HU Yu-wen Bornin 1944, a professor
a in the Department of Electrical and
- —

(025)

Electronic Engineering. Tel:

: 4892867, E-mail: huyuwen @ nuaa.
- i edu. cn.
‘Qg.,
TIAN Chun Born in 1973, she re—

ceived Ph. D. from Nanjing Univ. of
Aero. & Astro. in 2001. Her research
interest is directed towards electricity
and electronics technology, modern

technology of speed regulation, etc.

YOU Zhi-qing Born in 1977, she received B. S. from
Nanjing Univ. of Aero. & Astro. in 2000. She is now
studying for master degree.

Tang Lixin He is now pursuing Doctor degree in School
of Elec. Eng. & T ele of University of New South Wales,
Australia.

M. F. Rahman He is a vice professor in School of Elec.
Eng. & Tele of University of New South Wales, Sydney
Australia.

© 1994-2010 China Academic Journal Electronic Publishing House. Open access under CC BY-NC-ND license. http://www.cnki.net


http://creativecommons.org/licenses/by-nc-nd/4.0/

