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Abstract

In this paper, a new simple position control method of PMSM which is similar to step motor is
proposed. In the method, the previous control pattern is changed, the current input to the three-phase
stator windings is not the continuous sinusoidal wave but the stepped wave current, the step
magnetomotive force is appeared, discrete torque is produced that is more suitable to the position
control. In this paper, the relation between torque-angle and positioning is analyzed. The positioning
performance is proved by simulation and experimental results.
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|. Introduction

PMSM is widely applied in manufacture, industrial robot, military and many other fields as control
motor because of its simple structure, low cost and high performance. At present, there are two main
advanced control methods for PMSM: Vector Control (VC) and Direct Torque Control (DTC).

In 1971, German engineer F.Blaschke proposed the Vector Control for asynchronous motor for the
first time. In the VC of PMSM the torque-angle ¢ is kept 90°, the continuous control of torque is
realized by controlling g-axis current i,. The merits of VC are good torque response and accurate
speed control. The drawback of VC is depending on the accurate model of the motor. The system
control performance can be affected easily by parameter changing and the robust performance is not
ideal. In 1985, the Direct Torque Control approach is proposed by M. Depenbroch[1]. DTC is a
close-loop control of stator flux and torque. Because the controlled variable is stator flux but the
rotor flux, DTC is not influenced by the rotor parameters. However, the torque ripple is large, which
limits the system dynamic performance. So, a lot of scholars have make plenty of studies, in order
to resolve the problems of VC and DTC above[2,3].

In this paper, on the basis of DTC and VC, a new position control method for PMSM based on
Discrete Current Vector Control (DCVC) is proposed. The key of the method is to control the
torque-angle. Constant stator magnetomotive force is gotten by keeping magnitude of stator current
as a constant. The torque is controlled by regulating sin d. To be adapted to the position control

40



International Journal of Information Technology Vol. 11 No. 11 2005

system, the stator current is transformed from sine wave to stepped wave and the continuous circle
rotating magnet field is transformed into discrete polygonal magnet field. As a result, the discrete
torque is produced. This control method is more suitable to the position control compared with the
continuous torque control of VC and the two-point torque control of DTC.

I1. Characteristics of Torque-angle

When the symmetrical three-phase sinusoidal current is input in the stator windings, the three-phase
basic wave magnetomotive force vectors are as follow:

F.(t)=0.5F, (e’ +e'™)
F;(t) — OSFa (ejwte—ﬂ/r/}a + e—j(utejZﬂ'/S) (1)

F;(t) = O_SF;(ej(utejZE/f +e_jwte—j2;;/3)

Where F, is magnetomotive force vector of phase-a; its phase is in the same direction with the
phase-a winding axes.

If the magnitude of stator current is constant the synthesized stator magnetomotive force of three-
phase forms a circle rotating magnet field.

D F, =1.5F" )
According to the motor’s common principle, the electromagnetic torque is:

T,=C,F,F,sind 3)
Where
F=stator magnetomotive force;

F,= rotor magnetomotive force;

0=0,-0, torque-angle which is the electrical degree between F; and F,.
F 775 SN

| Rotor
|__position
)l
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Fig. 1. The characteristics of the torque-angle. In this figure, rotor position is taken for reference axis.
F;=F¢tF, is the synthesized magnetomotive force vector by stator magnetomotive force vector and
rotor magnetomotive force vector.
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Because the rotor of PMSM is made of permanent magnet materials, rotor’s magnetomotive force is
a constant. If the stator’s magnetomotive force is also a constant, the electromagnetic torque
Te o<sind. The DCVC method of PMSM is proposed on this basis. That is to say that to control the
electromagnetic torque by controlling the torque-angle J. The torque-angle characteristics are shown
in Fig.1.Viz., the torque T, is positive while the stator’s magnetomotive force exceeds the rotor’s
0(0°<6<90°), the motor is in the state of running , the torque T. is negative while the stator’s
magnetomotive force lags the rotor’s 6(0°<8<90°),the motor is in the state of braking; the motor is in
the state of speed regulation by flux reduction when 6>90°.

. . Motor
Torque-angle 0 sind Torque 7, Running State
0°<0<90° 0<sino<I T.>0 motor
-90°<9<0° -1<5ind<0 T.<0 brake
5>90° 0<sind<I 750 Lowe.rTmagnetlsm
raising speed

Table 1. The relation between torque-angle and motor running state. From Fig.1 we can see that the
working states of the motor varies with the torque-angle changed in the different ranges.

I11. Discrete Current Vector Control

A. Theoretical Foundation of DCVC

In this method, the current input to the three-phase stator windings is not the continuous sinusoidal
wave but the stepped current wave discretized by some certain rule. Here the current is discretized
by EDS method [4]. The discrete stator current is shown as below:

i,=1,cos[(2x /b, )k]
i, =1 cos[2z /b, )k —2x/3]

i, =1 cos[(27 /b, )k +21/3] @)

Where by denotes the number of cycle steps. by is a positive integer and each period of the current is
divided into by parts. For three-phase motors, by should be multiple times of 6 to keep the symmetry
of three-phase currents. by correspond to the number of cycle steps of ring-shape allotter in step
motor, which denotes the number of steps that the rotor runs two pole pitch 27. And k is an integer,
which denotes the number of steps in the full control process. With the output of each step, the
current shown in equation (4) will be transformed accordingly. The stator magnetomotive force has a
series of setting positioning-points along the circle. So the track of magnetomotive force polygon is
formed.

27,

j— Jb[l
D> F =15F,e 5)

According to this, stator magnetomotive force is transformed from continuous function to discrete

function, just like step motion. The angle between two adjacent magnetomotive forces is called step
angle 8,=360°by. So the reset torque between Fy and F, is:
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T, =-T,,.. sin(k@, — po) (6)
Where
6 is mechanical angle of the rotor real position;

p 1s pairs of poles.
We analyze the positioning characteristics of the motor using the torque vector theory.

Fig. 2. The torque vector. In the figure, by is set 12, the track of the stator magnetomotive force is
given by simulation.

The torque vector figure is shown in Fig.2.

1) When the stator magnetomotive force is fixed at the position 1. That is the initial state when k=1.
A reset electromagnet torque 77 is produced with the motion of rotor pole B.

2) When k=x, stator magnetomotive force is fixed at the position x. When the rotor pole B departures
from position x, a reset torque 7 is produced. 7, will force the pole B to return to the position x. And
so the stator magnetomotive force is traced and the torque-angle 6=0.

3) Point at the position of the stator magnet motive force in the space, which are the set position
points. The position of the line B denotes the middle line of the rotor pole.
By setting the number of steps k, the point position control can be realized.

B. Control of Current Vector

In the DCVC, the control of stator current vector is the most important. In recent years, many
authors have made great efforts to research the current tracking control method with the Voltage-
source inverter [5]. However, the current hysteresis-band approach proposed by A.B. Plunkett and
the synchronized on-off method are still most widely used in this field [6]. The hysteresis-band
current control approach is easy to implement, but its switch frequency varies. In synchronized on-
off control the current sample interval correspond to the width of hysteresis-band in the hysteresis-
band control. The increasing of sampling frequency can improve precision of the current control, but
the sampling frequency is restricted by the maximal switch frequency of the switch device. So the
direct current control driven by voltage vector is used [7].
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The one phase voltage equation of PMSM can be written as below:

u=Ri+Lﬂ+e (7)
dt

Where

u is phase voltage;

i is phase current;

R is stator equivalent resistance;

L is stator equivalent inductance;

E is EMF.

For using the voltage-source inverter, each phase voltage is a constant (&= 1/3Upc or #=2/3Upc).

Since the sampling time of the current is much shorter than the motor time constant T, the discrete
equation can be written as below:

. . T.. T
l(n+1):z(n)(]—7“)+fsu(n) (8)
Where
i(n) s current vector at the beginning (n);
i(n+1) is current vector at the end of the interval (n+1);
u(n) is voltage vector at the beginning (7).
In the most cases, the Ts/T is so small that it can be neglected.
Modern DSP is capable of performing fast on-line calculations and can be used for the current

control. In the equation above, the vector is decomposed into a stationary reference frame. The
previous equation can be rewritten as below.

ia,ﬁ(n—i-]) :ia,ﬁ(n)(]—%)+%ua’ﬁ(n) 9

lpg p(k+1) i, 0, B(k+1)

Where

igep(n+1) is naturally decreased current;

iua,p(n+1) is current increment caused by the application of voltage during the sampling interval.

The current at the end of the interval depends on the radial naturally decreased current and the
current increment caused by the application of the voltage during the sampling interval. Therefore,

by choosing the appropriate active or zero voltage vectors, the current can be driven into the any
possible direction (see also Fig.3)
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Fig. 3. Relation between the voltage vector and the current vector

Where both voltage components at time n can take the following values:

2 [Kyu(m)
u, ,(n)==U
a,ﬂ( ) 3 d_KUﬁ(lfl)
10
Ik o
RERCINERNER i
T Tl

s;, 83, and s5 denote the transistor states (0 or 1) that depend on the selected voltage vector at time 7.
In Fig.3, after calculating iy, the voltage vector closest to the direction of the error & between the
reference current vector iy(n) and iy(n+17) 1s chosen. The combination of the upper transistors
010(voltage vector uy;y) is selected; the switch devices2, 3 and 4 are on.

ts _&,(n+1)
i(n+1) P+ D)
i (n) Ai(n)
g,(n+
iy(n+1 i) )

Fig. 4. Current vector and corresponding errors

Where

i(n) is current at the beginning (n);

ig(n) is naturally decreased current from the beginning to the end in the interval ;

go(n+1) is error between the reference current vector iy(n) and ig(n+1);

i,(n+1) is current increment caused by the applied constant voltage during the sampling interval;

i(n+1) is current at the end of the interval (n+1)
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&, (n+1) is error between the reference current i (n) and i (n+1);

Ai(n) is error between the reference current i (n) and i (n).

From equation (10) we can predict the current behavior. The current vector and its errors are shown
in Fig.3, while the active voltage vector (010) is applied.

Eouplk+ 1) =iy 4 (k) =iy, ,(k+1) (11)
Evapk+ 1) =i, j(k)—i, z(k+1) (12)

= 8()(1,/3(k + ]) - iua,/}(k + ])

Ai, (k) =i}, 5 (k) —i, 5 (k) (13)

In the control process, there are two the possibilities:

1) The best fitting voltage vector (including the natural current decreasing) to obtain final error &,,
(nt1);

2) The zero vector (allowing the current to decrease naturally), to obtain final error &g, 3 (n+1).

The second option is chosen if its final error is smaller than the error of the first one:

& >¢e, (14)

V. Position control

To be strictly, the position control method can be considered a kind of open-loop control. System
architecture is shown in Fig.5.For a given position @, firstly, a three-segment position-speed (6-w)
curve is programmed as shown in Fig.6.

|

7
0" b 0
Trapezoid wave MMEF/ | Discrete currentset | Current | 7. Inertial-integral
o] e

control

Ll
generator current element

A

Electrical angle

Fig.5. System architecture

a)‘ i 0 speed
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Fig. 6. The ideal three-segment position-speed curve
Where
6 is position of rotor;
@ is motor speed;
0~6, is accelerated starting period;
6,~6, is constant-speed running period;
6>~05 is decelerated braking period.
1) Accelerated starting period

In the accelerated starting period, the motor starts with the maximum torque. When the torque-angle
01s 90° , the value of sin 0 is 1 as shown in equation (3), and so the maximum torque is got. In the
control process, the rotor position is measured on real-time, and the given stator current in the next
step is deduced according to the rotor position. In the starting period, if three-step stator current
vector ahead of rotor is kept, the motor is started with maximum electromagnet torque.

2) Constant-speed running period

When the set position #; in the programmed curve is reached, the motor should run at the constant
speed. If the load change is small, the torque-angle 6 be kept constant (load angle). When the speed
fluctuates because of the change of load, based on the load angle regulating the ¢ properly can make
the motor run at the set speed stably.

3) Braking period

When the rotor position exceeds ,, the system should decelerate and break. In order to get the
maximum breaking torque, the torque-angle 0 is -90° , the value of sind is -1. If by=12, then stator
current vector lagging rotor three-step angle is given.

In the position control system, the three-segment 6-w curve should be figured out first according to
the stable constant speed and deceleration when the desired position is given. In order to get high
position precision, - curve must be programmed dynamically in this period. Speed decreases to
zero when rotor reaches the set position. The relations of speed and position are shown below:

40 _ .99 _ 4 40 = wdt.do = adt,d0 = 02 (15)
dt dt a

o o 12 ’ 2

L ad¢9='[02 wdw, 0 =2a(0' - 6,) + 2, (16)

Where

a is constant;
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0'is real position of rotor;
o is corresponding set speed under position 6.

In order to decrease the calculating process of the processor, the curve of position-square of speed
(0-w?) is adopted in the actual system. As shown in equations above, the w at a given position @ is
used to make the computing easy to implement. The error between real speed and set speed can be
regulated dynamically by change the torque-angle.

4) Positioning

Assume the set position is ", then the given step counts of the stator’s magnetomotive force is

*

k* = Int(p—) . When the system decelerates almost to zero in term of the f-w” curve, the stator’s
b

current (magnetomotive force) is given according to the step k™ and kept, then the reset torque
T~T, maxsin(k*Hb-pH), will try to force the rotor back to the position k0. So =k 6. Thus the position
control is realized and the error of the system is less then one step angle 65,

V. Experimental Results

The experimental system is composed of a PMSM and an inertia wheel. The PMSM is 1.6KW
M205B style made in KOLLMONGEN of USA. The inertia wheel is a steel disk with its equivalent
moment of inertia: 3.08 X 10 kg/m”. The gear ratio is 1920. The equivalent load torque converted to
the motor side is almost zero.

Position precision: At the load side 0.2mil. At the motor side position precision is 23° mechanical
degree. The time running 30° at the load side is less than 4.9sec. (At the motor side: 57600°/4.9s).

Fig. 7. Experimental device

Results from the experiments indicate that the running time is less than 4.85s and the position error
is less than 15° when the given position is # =57600° and the stable speed is 3200r/min. The speed
and position curves are shown in Fig.8 (a).

In the braking period, in order to ensure the position precision, according to the three-segment curve,
the point at which the motor begin to decelerate should be calculated first under the current set speed.
Then at each interruption the set speed is calculated. Here, the square of speed is used to replace the
speed i.e. the w”=f{0) curve. Fig.8 (b) is the curve set speed and real speed. It is obvious that the real
speed follows accurately the set speed.
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Fig. 8. (a) Three-segment speed and position curves;(b) The compared curves of speed square
The DCVC is adopted to fulfill rotor position tracking by the given discrete stator magnetomotive
force, as shown in Fig.9 (a). Continuous current is transformed to discrete current. Here, by is 12. In
order to express the tracking performance of the current, the real current curve is moved down a grid
artificially. Fig.9 (b) shows the curve that real current tracks the given current. Fig.9 (b) proves the
good current tracking performance.

150° /div. H SA/div.

Given stator magnetomotive force Phase-a given current

Rotor tracking position

40ms/div. [[xCh1 S00mY & | M400ms A Ch1 S-10.0mY.

) @ C (). Aomsdiv

Fig. 9. (a)The rotor motion curve tracking the stator force ;( b) The phase-a current tracking curve

V1. Conclusion

In this paper, on the base of analyzing the torque-angle characteristics of PMSM, the DCVC theory
is proposed and used in PMSM position control system. Very good current tracking performance is
gotten and then the DCVC is analyzed in each period: accelerated install period, stable period,
running period, braking period and positioning period. In the experiments, the DCVC method is
proved that it has many merits such as fast torque response, easy to implement, less affected by
motor parameters, good robustness, and torque ripple can be diminished by setting b high number.
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