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Flux Position Estimation Method of IPMSM
by Controlling Current Derivative at Zero Voltage Vector

Yuji Hosogaya*, Hisao Kubota*

Abstract — Various methods have been proposed to identify the flux position in an interior
permanent magnet synchronous motor (IPMSM) without the use of mechanical sensors. To
achieve this, a method that uses both the back electromotive force (EMF) and the saliency to
identify the flux position in the IPMSM without the injection of high-frequency components
at low speeds has been reported 1l This method was then extended in order to drive the
motor with no load to a light load 71181 We propose a combination of these methods with
different proportional-integral (PI) controllers for controlling di,.,dt and di,./dt. We also
introduce compensation values F; and Fy to reduce the position error when the estimation

rule is being selected.
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1. Introduction

The permanent magnet synchronous motor (PMSM) is
widely used because of its maintenance-free operation, high
controllability, robustness against the environment, high
efficiency, and high-power-factor operation. Appropriate
control of the current vector is necessary for high-
performance control. A high-performance control algorithm
is often derived on the basis of a motor model ""*!. The
advantages of using interior PMSMs (IPMSMs) are that
they have mechanically robust rotors owing to the magnets
buried in the rotor core, and they utilize reluctance torque
and field-weakening control.

However, IPMSMs use mechanical sensors such as
rotary encoders to estimate the magnetic pole position
information because the stator current of IPMSMs has to be
controlled with pole position synchronization. However, the
disadvantages to using a mechanical sensor are that it is
expensive, unreliable, and occupies a lot of space.
Therefore, various sensor-less control methods that estimate
the magnetic pole position information using only current
sensors were proposed in the early 1990s 117,

Some of these methods utilize electromotive force
(EMF), which is proportional to the motor speed. These
methods estimate the EMF with a disturbance observer, an
estimation of current error, and a model reference adaptive
system *I¥). The pole position and rotor speed depends on
the measurement and the direction of the EMF. Therefore,
the use of these methods cannot be applied to IPMSM
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drives at low speeds or at a standstill because little or no
EMF is generated in the low-speed region.

The other method used to estimate the pole position is by
superimposing high-frequency components into the
armature voltage commands of the motor "'l This
method is based on the magnetic saliency effect depending
on the pole position, the current response by applying a
pulse voltage, and the generated voltage high-frequency
components current injection.

Although the aforementioned method enables the
estimation of the pole position at the low-speed region and
at a standstill, it generates a torque ripple and harmonic loss
caused by the injection of high-frequency components. In
addition, acoustic noise is also generated.

In contrast, a position estimation method in IPMSMs that
uses both back EMF and saliency effects without an extra
test signal such as the injection of high-frequency
components was proposed . Only standard current
sensors—which are inherently used for the fundamental
current control—are used to estimate the pole position at
low speeds and at a standstill. However, this method cannot
be used to estimate the pole position when the motor load is
light.

Consequently, a pole position estimation method that
enables estimation under no load to light load conditions
was reported !'”). In order to estimate the pole position from
no load to a rated load, a method that was a combination of
those described in [16] and [17] was reported !'®.

In this paper, we utilize two proportional-integral (PI)
controllers for controlling the current derivatives: one for
the light load condition and the other for the heavy load
condition. We also introduce compensation values F, and
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Fy to reduce the position error that might occur while the
estimation rule is being selected. This method requires only
current sensors and does not result in high-frequency noise.

2. Method of identifying the flux position
The general voltage equation of the IPMSM is given

below:
v, R+pL, -oL, i, 0 (1)
v,| | oL, R+pL,||i, | |y,

ig, i;: Current in the d, ¢ frame; R: Stator resistance; p: d/dt
L4, L, Inductance in the d, ¢ frame; ¥ the back EMF
constant; : rotating speed

When each output voltage is zero and the machine is
running at low speed, the equation can be written as
follows:

L = 0 ||k 0

a|__ |1, @
di |~ L. Vo

g 0 —|i e

dt Lq ! Lq

Let us suppose an estimated frame, dg.y, obtained by
adding an angle 6, to the dg frame (fig. 1). From (2), the
relation between i4-i; and ijeg-igess 15 transformed into (3)
and (4).
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When the controller sets iy, to zero, (3) can be
simplified to (5). Thus, the position is estimated by
controlling di,./dt to zero.
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However, current deviation cannot be obtained
accurately when i, is small. When i, is much greater

than i .y, (4) can be also be simplified to (6).
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If dig./dt is controlled to zero, the component of back
EMF becomes obstructed so as to make the position error
tend to zero. However, this value is so small as to be
negligible at low speeds or at a standstill. Thus, the flux
position can be estimated by (6). Because the i
component is not included in (6), the load value is not
considered.

We use two PI controllers for controlling the current
derivatives, as shown in fig. 2.
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Fig. 2 Block diagram of flux position estimation

Calculation of the current differential is as follows. The
three-phase currents are measured at any time instant within
one cycle of the triangular carrier wave for pulse-width
modulation (PWM) generation from m,; to m,, as shown in
fig. 3. The longest pair of currents during a zero voltage
vector, which is shown by V, or V; in fig. 3, is used to
calculate current differential. Finally, the d or g-axis current
differential is obtained by transforming the stationary frame
to a rotational frame. Therefore, no additional sensors are
required, such as voltage or current derivative sensors.
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Fig. 3 Percent modulation and triangular wave current
values

The current differential can be obtained easily since the
time period of the zero vector voltage is relatively long in
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the low and zero speed regions of a PWM inverter. The pole
position is estimated by applying the current differential to
the PI controllers, as shown in fig. 2. In this method,
acoustic noise is not generated as no extra test signal is
injected, and the estimation algorithm is simple. In addition,
this method is not influenced by parameter fluctuation.

3. Error compensation method at low load

As described above, (4) can be simplified to (6) on the
condition that iz >> iz However, when i, increases
with an increase in the load, the simplification fails
gradually, and it generates a steady error. Therefore, we
propose the compensation method using v, which is the
voltage applied to the d axis. Despite i, being set to a
constant by the controller, v, produces i; and is also
influenced by the pole position error. Thus, the
compensation value can be obtained by comparing v and
Vaes: (fig. 4). 6,5, and v4,.r can be represented as follows,

ge‘st = He"st + Ag (7)

. 8
Vﬂ'rzjf = Vu'ini - qu (lq - lqini) ( )

Both v, and i, are given by the experimental result, and
are used to subtract the back EMF component.
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Fig. 4 Block diagram of error compensation at low load

4. Rule switching

According to section 2, we switch rules depending on the
load applied to the motor. When the load is light, (6) is
applied; when the load increases above a set value (5) is
applied. However, since iz, is not zero, (6) is applied and
(5) is not applicable. In this condition, if 6, is zero and iy
is still much smaller than i, which is set to a certain value
with the light load, we can obtain (9) from (3).

di
ldESt = R (_ L it[L’Yt ) = _i ide\'t (9)
dt L,L, " L,
Then, we define F; as follows.
F =R (10)

d

The following equation is obtained from (9) and (10).

e (11)
dt
When (6) is applied, the estimation of the pole position for
heavy load can be established by (11). After the speed
feedback operation is switched to the estimation of the pole
position for heavy load with (11), 7, can be set to zero and
(5) becomes applicable.
Similarly, when (5) is applied, (6) is not applicable, as iz,
is set to zero. In this condition, the following equation is
obtained from (6),

i _ R . _ R, (12)
r]lqext lqe.\'t
i LL, L

q
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dest

Now, we define F; as follows.
J (13)

The following equation is obtained from (12) and (13),

di

" Fo (14)

When (5) is applied, the estimation of the pole position for
a light load is established by (14). After the estimation of
the pole position for a light load is applied with (14), iz
can be set to the certain value.

5. Experimental result of simulated machine

A simulation was carried out on a simulated machine using
the same parameters as the actual machine (described in
Table 1); the position sensor was also simulated in order to
compare its results with those of the actual machine.

Table 1 Ratings and parameters of IPMSM actually used

1.5kW, 170 V, 6.3 A, 6 poles, 87.5 Hz, 1750 min™, 8.0 Nm,
R =0.774 ohm, L;=8.90 mH, L, = 11.96 mH, ¥,=0.296 Wb

The carrier frequency was set to 4 kHz, and the currents
are detected at 80 kHz to calculate the current derivatives.
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Fig. 5 Electrical speed and current at starting without load
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We began the estimation of the pole position after the initial
position of the rotor was obtained from the position sensor
(fig. 5). Although the estimation can be calculated without
the initial position, the oscillation of the rotor may generate
a torque ripple at the start. The reference value of i, relies
on the speed until the speed reaches to 20 rad/s, then i, is
set to 50% of the rated current. Because the load torque is
zero, i, becomes negative.

To obtain the ramp input of the torque, the rated
motoring load (fig. 6) and the rated regenerating load were
applied to the machine while it was running at 100 rad/s
(electrical speed) (fig. 7). The load was changed at 4 Nm/s.
When i, is controlled to zero, the estimation of the pole
position for a heavy load is applied. As i, is controlled to
the certain value, the estimation of the pole position for the
light load is applied. If i, increases or decreases to the
threshold value, the estimation of the pole position is
automatically switched to either the light load rule or the
heavy load rule. From the aforementioned data and figures,
the switching method seems to work well.
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(b) Rated motoring load to no load

Fig. 6 Ramp input of torque (motoring load)
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(b) Changed from rated regenerating load to no load
Fig. 7 Ramp input of torque (regenerating load)
The step input of the torque is also shown in fig. 8; this

method was also found to work well with a rapid change in
torque.
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Fig. 11 Ramp input of torque (regenerating load)
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Fig. 12 Step torque input

The step input of the torque is also shown in fig. 12; it is
confirmed that the method also works well with the rapid
change in torque.

7. Conclusion

In this paper, we proposed use of the position estimation
method to find the flux position of an IPMSM using a
switching method of a light load rule and a heavy load rule.
The estimation rule is selected depending on the g-axis
current. When the estimation rule is being selected, we
utilize compensation values F; and Fy to compensate for
the error in the pole position. This method was validated by
the experimental results of the simulated machine and the
actual machine.

This position estimation method to find the flux position
of IPMSMs uses both back EMF and saliency effects
without an extra test signal such as an injection of high-
frequency components. The advantages of this method are
that there is no acoustic noise generated because no extra
test signal is injected. The estimation algorithm is simple,
and only uses standard current sensors, which are inherently
used for fundamental current control to estimate the pole
position. Thus, no additional sensors such as voltage or
current derivative sensors are required.
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