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In the conventional torque control (TC) of surface permanent magnet synchronous motor, the
estimation of magnet flux becomes a big issue because the variation of permanent magnet flux that
deteriorates the performance of torque controlled system. The injection molding machine contains a
pressure control which is scarcely used on machine tools. The control of this pressure is very
important for the operation of injection molding machine because, it depends on the permanent magnet
flux which depends on the variations of temperature inside of the motor. With the increase of armature
winding temperature, the permanent magnet temperature increases and the magnet flux decreases.
Through that variation, the magnet flux is not treated constantly and then the magnet flux information
becomes necessary to keep the pressure constant during the operation. Therefore, it is important to
develop a fine force-control system. Generally, in force-control systems, the force information from the
environment is detected by a force sensor. However, control systems using force sensors present
problems related to signal noise, sensor cost, narrow bandwidth, and other factors. To overcome these
problems, this paper proposes the estimation method of the magnet flux and the armature winding
resistance based on the adaptive identification used in the SPMSM with the vector control in exchange
of Force sensor (load cell). The success of the proposed method is showed by both of simulations and
experiments.

Key words: SPMSM, torque control, magnet flux estimation method of vector control, armature resistance
estimation, adaptive identification, mathematical model.

INTRODUCTION

In recent years, plastic has become the most widely used
raw material in various fields. Plastic products are mainly
manufactured using injection molding machines which
uses surface permanent magnet flux synchronous motor.
Many studies of electric injection molding machines have
been carried out (Lu et al., 2001, 2007; Yang et al., 2007).
The torque requires the control of amplitude of armature
current and the same principle has been applied in
interior permanent magnet synchronous motors. Recently,
some noticeable attempts have been made to achieve
wide speed ranges of constant-power operation with
SPMSM motors using concentrated windings (El-Refaie
and Jahns, 2005; El-Refaie et al., 2006). Large-scale
production of plastic products requires high-performance
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position. However, the quality of plastic products depends
on the injection force. For that reason, it is important to
develop not only a high-performance position control
system but also a fine force-control system. Regarding
conventional force control, much research has been
undertaken to develop force sensors to detect external
force (Khayati et al., 2006; Takeda et al., 2007; Li et al.,
2007). A typical injection molding machine senses the
force information using a force sensor. However, highly
sensitive force sensors are not economical. A typical
force sensor has both initial and running costs. Moreover,
force sensors confront problems such as noise and
frequency bands.

In an ideal force-control system, force sensors should
be attached to the same location as the actuator to
realize an instantaneous force sensing process. However,
in a conventional actual servo system, force sensors are
mounted on different positions than the actuator.
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Consequently, it is difficult for force sensing systems to
obtain force data accurately and instantaneously. To
overcome these problems, many force-sensorless control
methods have been proposed. Ohnishi et al. (1996)
proposed the disturbance observer, which compensates

the disturbance torque for the motor (Ohnishi et al., 1996).

The disturbance observer estimates well the disturbance
torque without a torque sensor. Ohishi et al. (2006)
proposed a robust tracking servo system for the optical
disk recording system. This system realizes a robust
servo control using a force-sensorless method.
Furthermore, the sensorless force-control method using
the reaction torque observer has been applied (Murakami
et al.,, 1993; Katsura et al., 2008; Tashiro et al., 2008).
The reaction torque observer is based on the disturbance
observer and friction model. This sensorless force-control
method uses only the motor current information and
motor position information. In other words, this torque
estimation algorithm requires no additional sensor. A
sensorless force control for an injection molding machine
without any additional sensor has not been achieved yet.

The reaction torque observer is applied to the injection
molding machine using a ball screw. The motion control
system using the ball screw often has a resonant
frequency (Zang et al., 2000; O’Sullivan et al., 2007).
This torsional vibration affects the performance of
reaction torque estimation (Ohba et al., 2008) and a
reaction torque observer based on a two-inertia plant
model considering the torsion phenomenon has been
proposed (Ohba et al., 2009). These methods are
inherent problem with the parameters variations due to
the environnement effect. The method to estimate the
magnet flux has been proposed (Camara et al., 2010)
with robustness between magnet flux and armature
winding resistance. But with the time, the armature
winding resistance may affect the magnet flux. To
overcome this problem, this paper proposed a flux
estimation system with armature winding resistance
function in order to control torque using adaptive
identification without torque sensor controlling armature
current with error less than 1%.

The stability is examined by bode diagram and the
utility is confirmed by both of simulations and
experiments.

MATERIALS AND METHODS

Mathematical model and linearization error equation of state
Composition of the proposed system

The voltages v, ,v  are given to a real SPMSM and

qa
mathematical model as an input. The Figure 1 shows estimated

This method

A

parameters ¢ﬁl R, of mathematical model.

oE .
expressed the torque reference current l,, using the output of

speed controller, the estimated magnet flux and armature winding

resistance. Therefore, the estimated parameters are used in
controller. The torque reference expression is showed in Equation

A

Te - estimated torque, P - number of pole pairs, ¢fa - estimated

magnet flux, 1., - g axis current.

Mathematical model

The state equation of SPMSM in (d, g) coordinates is showed in
Equation 2. Moreover, the Equation 3 shows the mathematical

model .In Figure 1, the estimated current are described as ida ,

~ A A

[, andestimated usingly, i,V V0 Pp R

lla O d il]a R aL zla vzla O
—| + —@QP,| | (2)
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a-

Ra : armature winding resistance La :«d,g axes inductances,

¢fa permanent magnet flux,

«d,g axes voltages, :d,g axes currents,

Via sV lda’lqa

qa

@,, :synchronous angular frequency.

The current of the armature and the parameter with the sign * show
“estimation” and the estimated parameter of ¢fa , R, Moreover,

811>812>821> &5, are mathematical model gains.

Linearization of estimation error of state equation
To apply linear system theory to controller design, the governing
equations must be linearized. The estimation error of state equation

is obtained by multiplying matrix inverse of inductance matrix to
each side of the Equations 2 and 3:

{B“ azw}
B, B,] AR, =A€m+BM "
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dr; A21 Azz 1 —
qa  “qa
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Where:
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Figure 1. Block diagram of the control scheme.

The armature current, the armature voltage, the turning angle
speed, and the armature winding resistance are expressed in the
linear equation. The first separately equilibrium point and changes
mathematical model gain when approximating. Each equilibrium
point of the Equations 2 and 3 are assumed to be the same value.

AT A

n A

ida_ida _|:A”0 AIZO ida_ida
Azm Azzo i -1

qa  “qa

+|:Blo Ezo:liAf/?fa:|=Aoeia +Byu ... (5)
B,y B[ AR,

iqa_iqa
The mathematical model gain of Equation 6 is chosen:

-, L

re “a

81 =80 =8, 8n=0,L,.8, =

The characteristic equation of the mathematical model is shown in
Equation (7):

A
+ R+ 8o

N
L
(st _A()): ¢

The mathematical model gain g, that Equation (7) comes to

stabilize is chosen. Moreover, the linearization estimation error
becomes as follows:

s+

1

R

7[_ s
+8.0 “

From where the transmission function matrix R)(S) is:

Laao

)

29



30 J. Electrical Electron. Eng. Res.

A
lda - lda ¢A
A .
. . Estimators
Lo "Ly A
> > Ra

Figure 2. Construction of estimation system.

The inversion of P, (s) is:

Po_l(s)z };O(S)

det (P,)
oo Rt 8w [ Lifuo j o1 Rt 8uo [_ L j ............ (10)
o L, @0 4a0 L, @,
P, ()= .
st Rt 8o _‘I‘iu 0
L, Laao

COMPOSITION OF ESTIMATOR
Construction of estimation system

The Figure 2 shows the construction of estimation system with

estimated parameters ¢fa and R .

¢Afa — -1 ida _iz:a
[ﬁn} PO(‘S)L —iAl

qa qa

And the estimator is:

14»1 Ra +g, Xpllfllan 1R +g, XPZ[&J
¢fa A N lfz @jda s l{; a, Lia ida
Rz J iea +ga Xrllfz 0 iqa _iqa
N l{; ida

In the Equation 12, it is observed that @, and ida exist in the

denominator. This makes i, as an important parameter because if

it is zero, the magnet flux and armature winding resistance could
not be estimated and hence, the experiment of this research is

done at 5% of rated current (ida =5% x 1 ). The same
consequences will happen when the speed becomes zero, that is
@, = 0. Together Equations 8 and 12, we get:

R X P20 (_ X P10 + X P20 )iqu() (13)
¢fu — s @, oS A¢fu ......
R X 0 AR

N

Where X ;. X ,,, and X ., represent each integrator gain.

In this paper, the magnet flux and armature winding resistance are
estimated under the condition Xpw * szo . The Equation 2

can be used at speed near to zero and first of all, we need for the
estimation of magnet flux to fill the condition that the speeds rotate
faster than resolution.

Figure 3 shows the characteristic of the stability. The gain and
phase differences between the input and output of the estimation
system are a simple pole. From the Figure 3, it is understood that,
less than 1 rad/sec, the gain is nearly 0dB and also the phase is

0deg which express that the variation of Ra is slow. Therefore, the

possibility of estimation of Ra is expressed according to Figures 4.

Improvement of the speed resolution

The calculation of the improvement of the speed resolution is
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Rated speed (rpm)

Figure 5. The rated speed improvement.

Table 1. Rating of tested motor.

Rated power 1.5kW
Rated current 8.6 A
Rated speed 1000rpm
Number of pole-pairs p 3

Torque Constant @, 0.1946Wb
Armature winding resistance R 0.5157Q
Armature winding self-inductance La 2.452mH

Moment of inertia J 0.00525 kg - m*

Here n [pulse/rev ] : the encoder pulse number ¢, [psec] :

operational period, N number of moving average samples.

n, = 4000 [pulse/rev ],tc =204 .8[usec | , N = 64.

The Equation 14 shows the improvement of the speed resolution
with an increase in the number of samples of moving averages.
That is necessary because even at speed near to zero, we can
detect the speed, and the flux and armature winding resistance
estimation becomes possible and the Figure 5 shows the
improvement of the speed resolution during the experiment.

SIMULATION AND EXPERIMENTAL CONDITIONS

Simulation

The estimation of magnet flux is simulated by using Matlab/Simulink.
This time, when the proposed magnet flux estimation method was
simulated, the PWM inverter was omitted.

Experimental condition

A test system was composed of a Digital Signal Processor DSP
(TMS320C31-5kHz) control system (Texas instruments), a 3-phase

Time (s)

9]}

PWM inverter and a 1.5 kW SPMSM. The operation cycle is
200 Us , the career frequency of the PWM inverter that drove the

evaluation machine was assumed to be 5 KHz. The torque
dectector is used for the measure of torque. The detected current
and voltage are fed to the input of DSP and then calculates the
voltage order. The voltage instruction from DSP is converted into
the PWM signal and then the short-circuit prevention time is added
by FPGA which generates output to the circuit of the drive at the
gate. Signal carrier's (triangular wave) cycle was assumed to be
204.8 s using the triangular wave comparison method for the

generation of the PWM signal. Hall CT (HAS-50S: LEM) was used
for the current detector. The voltage proportional to the current from
hall CT is output, and the voltage signal is converted into the digital
signal with 16 bit A/D converter (AD976:AnalogDevices). DC power
voltage g of the inverter is detected with 12 bit A/D converter

(AD7864: Analog Devices) connected through the partial pressure
machine.

Voltage type PWM inverter is composed of the power-module
and the circuit of the drive at the gate. IGBT-IPM (6MBP30RHO060:
Fuji Electric Co., Ltd.) was used for the power-module. The direct
current voltage power supply of the inverter has vector control of
faction 2.2 kW of the three-phase circuit 200 V type inverter
(FRN2.2VG7S-2: Fuji Electric Co., Ltd.) that controls the torque and
DC linked the load machines. The pulse number output from the
encoder used this time is 1000 pulses a rotation. As for the voltage
detection error margin + 1/(2 13 ): +1/8192 , the delay of the

voltage feed back
loop becomes 300 us , which is 1.5 times at sampling period

204 .8us -

Table 1 shows the constants of SPMSM for the simulation and
the experiment. As for injection molding machine, the torque is
particularly important specially at low speed and the estimation of
the magnet flux at low speed become necessary. The condition of
the simulation is with the increase of the armature winding
temperature, the armature winding resistance increases and the
magnet flux decreases as showed in the Figures 6 and 7.

The simulation omitted the PWM inverter and because of the
space, all the results of simulation and experiment are not showed
in this paper.

RESULTS

In this simulation, during 50 s, the variation of the magnet
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Figure 6. Simulation conditions for armature winding resistance variations.
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Figure 7. Simulation conditions for the magnet flux variations.

flux and the armature resistance of SPMSM can be
observed with the increase of the temperature, although,
in real machine during the same period the temperature
would not increase to lead the such variation of magnet
flux and armature resistance of SPMSM but because of
the stability of the simulation, this research would not
have the negative effect in the real machine.

The simulation results in Figures 6 and 7 shows that
when the temperature increase, the armature winding
resistance increase and then the magnet flux decrease
consequently. Figure 8 shows the simulation result of

estimated armature winding resistance and expressed its
performance. Figures 9, 10 and 11 showed the simulation
results of estimated flux at low speed with no-load; 50
and 100% load. The initial value is fixed at 0,295 Wb and
the estimation started at 0.8 s.

Figures 12, 13 and 14 showed the simulation results of
estimated flux at high speed with no-load; 50 and 100%
load.

The experiment results of estimation flux at low speed
showed in Figures 15, 16 and 17 with no-load, 50
and100% load. The experiment is realized in the same
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Figure 8. Simulation result of estimated armature winding resistance.

| | | |
i i i i
1 1 1 1

T - H H
i i i i
1 1 1 1
i i i i
1 1 1 1
1 1 1 1
i i i i
1 1 1 1
1 1 1 1
i i i i

I H- H H
1 1 “ L 1 “
1 1 " L 1 "

= 5 | L - ' ”l
1 1 “ L 1 “
1 1 1 | 1 1

0 0 < 0 ) 1o) o~ 1o) - 8
o ~ o « =} D =} - o o

o =] =] <]

(gm) xn|y pajewnsg

3.5

25

15

0.5

Time (s)

Figure 9. Simulation result of estimated magnet flux (no-load, 10 rpm).
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Figure 10. Simulation result of estimated magnet flux (50% load, 10 rpm).
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Figure 11. Simulation result of estimated magnet flux (100%load, 10rpm).
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Figure 12. Simulation result of estimated magnet flux (no-load, 1000rpm).

il T Tl e il R Bl e el

i

L e

dm e e e -

L m -

b e e e e -

e il e il T e il ]

b e e -

r

| S U U O Iy

e e ===

i e B Ty i e B e B
1
[
1
1
L

Fmmmm———

Fmmmmm—

e mmm -

Fmmmmm o ——

Fmm e e m -

Fmmm e m - —

Fmmm e m =

i e e e e e e R

U U U Y Y U Uy

05

045

04

035 f-mmom---
03 ks

025

(1))

(am) xnj} parews3

015 f-mmom---

01

005 f--------

35

25

15

05

Time[=]

Figure 13. Simulation result of estimated magnet flux (50%load, 1000rpm).
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Figure 17. Experimental results of estimated magnet flux (100% load, 20 rpm).

condition with the simulation. error is 0.3% less than 0.5%. Also, this results showed

This experiment shows that, the estimation of magnet the performance of experiment compare to the results of
flux was effective because the voltage sensor is used in simulation at the same condition. Figures 18, 19 and 20
the experimental operation and hence the estimation showed the simulation results of estimated flux at high
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Figure 20. Experimental results of estimated magnet flux (100% load, 1000 rpm).

speed with no-load; 50%load and 100%load respectively.

DISCUSSION

The magnet flux information is important for controlling
the torque of the SPMSM with vector control. The existing
methods are based on a model torque control system
using a torque observer but all these methods have some
Inherent problems with the parameters variations due to
the environment effect.

The authors propose in this work a method for
estimating the magnet flux and armature winding
resistance of the SPMSM with vector control using
adaptive identification. The proposed method showed
good estimated performance by designing and simulating
the estimator of the magnet flux from linearization error
state equation. This study presents magnet flux
estimation system in order to control torque without
torque sensor controlling armature current with
robustness to the parameters variations due to the
environment.

Conclusion
The magnet flux and armature winding resistance

information’s are important for controlling the torque of
the SPMSM with vector control of the injection molding

machine during the operation to be constant even at low
speed. The authors propose in this work a new method
for estimating the magnet flux of the SPMSM with vector
control. The proposed method showed good estimated
performance by designing and simulating the estimator of
the magnet flux and armature winding resistance from
linearization error of state equation.
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