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Abstract-- In a digital system, there are inevitable delays in
calculations and applying the inverter output voltages to the
motor terminals. Because of the delays, the conventional
predictive current controller implemented in the digital system
has large overshoot and large harmonics. A new predictive
current controller, considering the delays, for a permanent magnet
synchronous motor (PMSM) is presented. The effectiveness and

feasibilities are shown by experimental results.
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1. INTRODUCTION

To implement the'predictivé current controller in the
digital system, very high-speed calculation devices
compared to the motor electrical dynamics are needed [1].
Otherwise, a modification is needed to endure the
performance in the analog system [2], since there exist
inevitable delays in calculations and applying the control

output to the motor [3].
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Fig. 1 Block diagram of the control system

Fig. 1 shows a simplified diagram of a typical PMSM
servo drive system using digital processing devices. The

control operation is synchronized with the interrupt signal
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generated by the pulse width modulation (PWM) generator.
Usually two stator currents and a dc link voltage are
sampled and held at the same time in an ADC and the rotor
position is also sensed by the interrupt occurrence. The
output values of the current controller are loaded on the
PWM generator synchronized with the next interrupt signal.
Switching signals are generated by the digital comparator
in the PWM generator and are applied to a PWM inverter,
which consists of six power switches. The phase voltages
to drive the PMSM are fed by the constant voltage PWM

inverter.
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Fig. 2 Time sequence of the current control

Fig.2 shows the time sequence of the current controller.
The k-th interrupt signal generated by the PWM generator
starts the control process, as shown in Fig.2 (a). The gray
part shown in Fig. 2 (b) is duration for calculating the
current control and the blank is duration for cohditional
branches and down loading of the PWM values to the
PWM generator. The output value of the current controller

is uploaded to the PWM generator just before the (k+/)-th
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interrupt signal shown in Fig. 2 (c¢). During the (k+17)-th
period, the phase voltages calculated in the previous period
are applied to the motor as shown in Fig. 2 (d). The
resultant controlled currents are sensed, using the (k+2)-th
interrupt signal, at the start of the (4+2)-th period of the
current control process as shown in Fig. 2 (e). The
controller needs one sampling period for calculation and
the other period for applying the voltage to the motor.
However, control process happens consecutively, the
effective sampling period is one period. Due to the
calculation delay, the conventional predictive current
controller cannot be applied to the upper mentioned control

system.

1I. MODELING OF THE SYSTEM

A PMSM considering in this paper consists of
permanent magnets mounted on the rotor surface and three
phase stator windings are symmetrical, sinusoidally
distributed and displaced by 120° in electrical degrees. The
stator voltage equations of a PM synchronous motor in the

synchronous reference frame are described as follows :

Ve =R, +L -di, /dt+Lwi,+y,0, 1
Vy=Ri,+Ldi,/dt-Lo,i, 2

where R, is the stator phase resistance, L; is the stator
inductance, @, is the rotor angular velocity, /,, is the flux
linkage established by the permanent magnet, and p is the
number of rotor poles. The sampling period is short
enough to assume the constant rotor speed. From (1) and
(2), the discrete-time equation can be described as follows:

vq.\.<k>=R\.i,,.\.(k>+%-[i“<k+1)—1;\.<k>]+L.fw,i,k(mwmw, ®)

§

's"rtys

v (k) = Rsid:(k)+%'[ia: k+D)-i, (D]~ Lo, () @

where 7, is a sampling period. Using the nominal
parameters, (3) and (4) can be rewritten as follows:

Ik+)=M-I(x)+B-V(k)+D-¥ (%)

where 1(k)=[1,,(0) i,(0)] VR =[vu(B) v 0] >

¥=0,y, oJ’M=[l-§:§;’Lx

sr

To, |,

1-T.R./L,
/L, 0

B=T_{ s }and D=—T,.[”L"' 0].

0 /L 0 UL

iy(k) and iy(k) are the dg transformed currents, and

ves(k) and vg(k) are the dg transformed voltages,

_respectively. The rotor speed (@) and magnetic flux (%)

can be considered as a constant in a control period.

IIl. THE CONVENTIONAL PREDICTIVE CURRENT

CONTROLLER

In the conventional current controller, voltage commands

of each axis are obtained from (3) and (4) or solve (5) for

V (k) such as:
V() =B'I'(k+1)-M-I(k)-D-¥) ©)
Most implementations in discrete system of the

conventional predictive current controller, calculation time
is short enough to consider infinitely small. For the case of
it is hardly considered the calculation is infinitely small,
however, various compensation me;thods are reported. The
compensation methods have also overshoot in transient

state [4].
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Fig. 3. Current response of the conventional predictive current controller

implemented in discrete system.
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Fig. 3 shows the control result of the conventional
predictive current controller implemented in the upper
mentioned discrete system. Trace 1 is the current command
in a phase and trace 2 is the corresponding phase current. It
shows large overshoot in transient state and large

harmonics in steady state response.

IV. A NEW PREDICTIVE CURRENT CONTROLLER

During the (k+1)-th period, motor currents are excited
by the control voltage V(k+1) which is calculated in the -
th period as shown in Fig. 2 (d). The resultant current can
be expressed as follows:

I(k+2)=M-I(k+D)+B-V(k+1)+D-¥. O]
It can be seen that the resultant current I(k+2) is affected
by the states of I(k+1) and control voltage V(k+1).
However, the voltage V(k+1) should be calculated using
the information on currents and voltages of the 4-th state.
The relationship between the information on present -th
states and resultant current, I(k+2) , can be described as

follows:
I(k+2) :M-{M-I(k)+B~V(k)+D-‘P}

+B-V(k+1)+D-¥. (8)
For the regulation of the current, I(k+2) can be regarded as
the desired current vector I'. Under the conditions of
constant motor parameters and rotor speed during two
sampling periods, the control output voltage V(k+1) which
will be applied to the motor during the (k+1)-th period is

described as follows:

V(k+1) =B'{I'-M-{M I(k)-B-V(k)-D-¥}+D- ¥} .

©
where I is the current command vector and V() is the
present voltage vector applying to the motor during the £-
th period. Under the conditions that B is inversable and
[V(k)| is below the practical maximum voltage, V(k+1) can
be obtained from the information on the present states. If

the calculated voltage command is greater than the real

voltage limitation, the real current can be reached to the
current command when the following condition is

satisfied:

ko+1+n

> AL (m) 2 {T*-T(k, + 1)} -

m=ky+1

(10)

where Al (m) is the maximum available current variation
of the motor during the control period, k, is the instant
when a new current command is given, and » is a positive

integer.

V. IMPLEMENTATION AND EXPERIMENTAL RESULTS

A. Considerations in implementation

The sampling period (7;) of the current control loop is
200 [us]. The DC link voltage is 200 [V]. The ratings and
parameter values of the PMSM are listed in Table 1.

Table. 1. Specifications of 750W PMSM

Rated power: 750W rated speed: 3000rpm
Rs:0.49Q Ls: 6.9mH
Kr: 0.4 Nm/Apeak #ofPoles: 8

The PWM scheme in voltage source inverter is an
important part of the current regulation for the PMSM. In
this paper the space vector PWM is used to make phase
voltages from the dq-axes voltages. It is well known that
the space vector PWM is a preferable scheme for an
instantaneous current controller because it gives a large
linear control range, less harmonic distortion, and fast
[5]-(7]1. The

corresponding to 8 switching states of the inverter. The

transient voltage space vectors are
lengths of voltage vectors corresponding to 6 active states
are of length V,.2/3 and these vectors form a hexagon. The
voltage vectors u, and wu, corresponding to the free-
wheeling states are zero voltage vectors.

The corresponding reference voltage space vector Vj is V
calculated from the voltage commands v'q(k+1 ), Vg (k+1),
the rotor angle &, and the dc-link voltage. The relation
between space voltage vector and the calculated command

voltages is shown in Fig. 4. The on-durations for two
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vector states are calculated by solving following equations

[8]:

(tu

a’a

(11a)
(11b)

+tu,)=V, T,
ty=T,—t,=t,
where u, and u, are the two switching state vectors
adjacent in space to the reference vector V;. The solutions
of (11a) and (11b) are the on-durations #,, ¢, and 7, of the

switching state vectors u,, up, and u, respectively, and are

expressed as follows:

1, =3-(cos@—sinf/~3)-V, - T, /(2-V,) (12a)
t,=\3-V.-T, -sin6/V, (12b)
0=0 -y (12¢)

where V, is the dc-link voltage, V; is the magnitude of the

space vector V, and the angle y is tan”' (v (k+1)/ v'q (k+1)).

u,

Fig. 4. Vector diagram of the relation between voltage commands and
space voltage vector

If the magnitude of the space voltage vector is larger
than the available output voltage, in this paper, the space
vector is adjusted as follows:

Vdc

NN

Vi(k+1) =V (k+1) (13a)

Vee . (13b)
NERZ

where v",,(k+1)and v fk+1) are rescaled control

vk +D)=vak+1)

voltages.

B.  Experimental results

Fig. 5 shows the current dynamics of the proposed

predictive current controller. The rotor speed is about 1800
[rpmj and the g-axis current command is changed from
3[A] to -3[A] while the d-axis command is maintained at
zero. In this figure, it is also observed that i, reaches the
steady state in 600 [us] after the change of the current
command.

Since the summation of the back EMF and required
voltage for the current variation is larger than the voltage
limitation, the real current cannot reach ‘the reference
current in a 2-sampling period, but in a 3-sampling period.
If the operating speed is high and the change of the current
command is large, it will take more beriods until (10) is

satisfied.
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Fig. 5. Current dynamics of the proposed current controller.
(I) is g- axis current command, (II) is g- axis measured
current, (II1) is d- axis measured current and (IV) is A
phase current

experimental results of the voltage

Fig. 6. shows

limitations when the current command is changed
sequentially from 3 [A}, -3[A] and 3 [A] at a constant load
condition. In Fig.6., trace 1 is the magnitude of the space
voltage vector, trace 2 is the applied phase voltage, trace is
the current command of a phase and trace 4 is the
corresponding resultant current .

The speed of the rotor is changed in small variation during

the changes of the current command so that the back EMF
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is almost same. The difference between voltage commands
in two cases is the voltage for the current variation. In a
rising case, the motor is in powering mode, and the
required voltage for the current variation is added to the
back EMF and the total voltage is beyond the voltage
limit.Until the phase current reaches the command value,

the control voltage maintained the maximum voltage.
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Fig. 6. Curmrent command and corresponding voltage output of the

controller

In a falling case, unlike the rising case, it is in generating
mode, the voltage command is within the voltage
limitation, since the part of the control voltage for the
current variation is subtracted from the back EMF. As a
result, it can be expected that the slope of the current
variation depends upon the dc link voltage and operating

conditions.

VI. CONCLUSIONS

This paper presents a new predictive current Eontrol
method for a PMSM, considering the finite calculation
delay of the control devices. The conventional predictive
current controller is hard to implement in the fully
digitized current controller for a small electrical constant
PMSM, since the control period should be short enough
and the calculation time is not infinitely small. Modifying
the conventional predictive current controller to consider

the calculation delay gives a large improvement in the

current control performance in transient state and steady
state. However, even with this improvement, the proposed
current controller has limitation in real system since there
exist voltage limitation. By considering the voltage
limitation in the proposed current controller output
dynamics is also expected.

Experimental results show that the performance of the
proposed current controller is exceptional. After the
analyzing and compensation of the voltage limitation, the

performance of the proposed current controller is enhanced.
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