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ABSTRACT

In the high-speed traction permanent magnet synchronous motor (PMSM) drive system, control methods
without position and speed sensors are adopted because of occupying smaller space, lower cost, higher
reliability and less sensitivity to the environment which is more suitable for motors using in traction vehicles.
According to the stator voltage and measured current, the stator flux is integrating from the difference value of
the voltage, where back-EMF can be calculated and rotor position can be estimated. Based on the estimating
method of integrating back-EMF, this paper proposes a modified integrator to solve the problems produced by
the pure integrator, which brings up DC offset to estimating motor flux. Simulation and experiment results show
that this integrator can accurately estimate both the magnitude and the phase angle of the motor flux, including
the speed of PMSM. Besides, the perfomance of the integrator shows that it has good dynamic and steady
characteristics.
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INTRODUCTION

Permanent magnet synchronous motors (PMSM) are widely used in more and more fields because of their high
efficiency and high power density. In most drive systems, we often use a position sensor such as a shaft sensor
or a resolver to detect the signals that contain the angular information. In high-speed traction drive system,
however, control methods without position and speed sensors are adopted because they are of higher reliability
and less sensitive to environment, moreover, making the motor smaller size and less cost. (Yilmaz Sozer, 1999)

Sensorless PMSM control strategy are mainly divided into three types: One is the open-loop estimating methods
based on the electromagnetic relation of motor model, which relays on the accuracy of motor parameters.
Another is closed-loop estimating methods based on the observers which are now popular in many fields which
need higher speed precision and system reliability, but it is more complex in algorithm which lead to slow
respond. The third one is the estimating methods based on the nonideal characters, which tracking the saliency
of PMSM and mainly dealing with the low speed estimation. It doesn’t rely on the motor model or the
parameters, so it has good robustness. But it relys on high frenquency signal rejection,so it may bring high
frenquency noise. (P. Hutterer et al., 2009)

There are, in general, two methods for the first estimation strategy: Estimation based on measured current and
estimation based on measured voltage(Jun Hu et al., 1998). In the current-based method, the measured current
and motor parameters are required for the motor flux calculation, so it's sensitive to the parameters change
during operation. In the voltage-based method, the motor flux can be obtained by integrating the back
electromitive force (back-EMF). The parameters only required are the motor resistance and inductance, and in
IPMSM control, the angle of the magnet pole is needed as well. It seems that it is much more easier to use the
voltage-method than the current-method. However, the implementation of an integrator for flux estimation is no
easy task. A pure integrator would bring about DC drift and DC offset problems. A low pass filter can solve
these problems, but it may also produce errors in magnitude and phase angle. This paper describes a modified
integrating method for flux estimation based on the motor voltage model, which can solve the problems using a
pure integrator or a low-pass filter. The performance is studied and verified through simulation.( Budden, A.S.
et al., 2005)

PMSM MATHEMATIC MODEL AND VECTOR CONTROL STRATEGES



PMSM mathematic model

The stator voltage equation in the rotating dq two phase rotor reference frame can be expressed as follow:
(Yilmaz Sozer, 1999)
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The flux linkage in dq reference frame is
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The torque equation can be expressed as
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where,
Ug.Ug - d-axis and g-axis stator voltage;

I,,1, : d-axisand g-axis stator current ;
Wy ¥, - d-axis and g-axis flux;
L&=Ly :d-axisand g-axis inductance,

o, - rotor electrical angular velocity;
WV : rotor magnet flux;

Rs : stator resistance ;

p : differential operator.

PMSM vector control strateges

According to the differences of permanent magnet position, the PMSM are mainly divided into two types: the
surface permanent magnet synchronous motor (SPMSM) and the interior permanent magnet synchronous motor
(IPMSM). In SPMSM, the permanent magnet is on the surface of the rotor, and the d-axis inductance and g-axis
inductance is the same (Lg=L,). While in IPMSM, where the permanent magnet is inserted into the rotor, the d-
axis inductance is usually smaller than the g-axis inductance (Lg<Lg). (Xu Junfeng et al., 2004)

(1) zero d-axis current control
zero d-axis current control strategy is a widely used vector control strategy in PMSM control. When id =0, the
torque eqution of the PMSM would be expressed below:
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We can conclude from the equation above that when we adopt the zero d-axis current control strategy, the
torque of PMSM only relies on g-axis current. And this strategy is more often used in the SPMSM control.

(2) Maximum torque current control
As in the IPMSM, the Ly#=L,, when controlling the IPMSM, we usually adopt a control strategy called
maximum torque current control, which would get the maximum torque with the minimum current.

(3) Field weakening control
When the motor reaches the limit voltage of the inverter, iy would be negative to decrease the flux at this time.

And we have to increase id and decrease iqto keep the motor voltage and inverter voltage balanced. And as a

consequence, make the motor speed up.

In this paper, the zero d-axis current control strategy is adopted to control the IPMSM. id =0, the torque
equation of the PMSM would be equation (1). The vector diagram in zero d-axis current control is shown in



Figure 1, where ': is the stator current vector, ¥/ is the rotor flux vector, /, is the stator flux vector. The
stator flux equation can be expressed below:
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Figure 1 Vector diagram of PMSM in zero d-axis current control

Figure 2 is the diagram of zero d-axis current control system with rotor fiux position estimation .
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Figure 2 Diagram of zero d-axis current control system with rotor flux position estimation

PMSM ROTOR FLUX ESTIMATION (Cirrincione M et al., 2004)

. d
Based on the PMSM voltage vector equation U, = RI + Vs , the stator flux can be expressed as
v, = [ (0, — R )dt (6)
Transforming into the static two-phase af3 reference frame, it is
v, = [ (U, —Ri, )t ™

v, = (u,—Rji,)dt
where,
W, W ' o -axis and B -axis stator flux.U_, U, : a -axis and p -axis stator voltage. 1, iﬂ . o -axis and

[ -axis stator current .

According to equation (5), the stator flux in static /3 reference frame can be expressed as follow,
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The inductance in static /3 reference frame can be expressed
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where L, ZE(Ld +L,),al =E(Ld -L,).
So the rotor position angle 49r can be expressed as follow,
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Obviously, we can easily obtain the stator flux by integrating the back-EMF, which is only related to motor
resistance. This method seems to be very simple and respond fast, but the integrating algorithm would cause
some problems. When using a pure integrator, if the input contains DC component, the integrator would drift the
output into saturation. Besides, when a sine signal is applied to the integrator, a cosine wave is expected at the
output, but the cosine wave would bring a DC component at the time of 0, resulting in that the output is cosine
wave with a DC bias. Usually we employ a first-order low-pass filter (LPF) to replace the pure integrator to
solve the DC offset and the DC drift problems, but it may bring other problems since it would produce errors in
both magnitude and phase angle, especially under low speed condition. (Shin-Myung Jung et al., 2008)
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MODIFIED INTEGRATOR FOR PMSM

To solve these problems produced by pure integrator and LPF, we proposed a modified integrator. The output of
modified integrator can be expressed as (Jun Hu et al., 1998)
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where X is the input of the integrator and Z is the compensation component.

When the input X passes through the LPF part, assuming the output is Y, , changes would take place in both
magnitude and phase angle of Yy, . So we need to compensate the errors. While Y does not reach the limit L,

the modified integrator performs as a pure integrator where Y =1/ X. While Y reaches the limit of saturation,

then z = L and the output of the modified integrator is

1 @,
y= X+ L (12)
S+, S+,

where L is the saturation of block.
Assuming the input X contains a small DC error X, , the output should be [3]
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The limiting level should be set equal to the excepted output magnitude. Assuming L = X /S, so the equation
(12) can be expressed as
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Which can infer that the modified integrator would not be driven into saturation when the L is properly set.

Figure 3 is a modified integrator with saturable feedback based on coordinate transmission used in the PMSM .
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Figure 3 A modified integrator with saturable feedback based on coordinate transmission

SIMULATION AND RESULT

In the simulation, we use last estimated Gr(kfl) instead of Hr(k) to calculate the motor inductance. So we can
obtain the rotor position as equation (15) shows, and the block diagram is shown in Figure 4.
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Figure 4 Diagram of rotor flux angle estimation

The performance of the proposed integrator is investigated by Matlab/Simulink. The motor used in simulation is
a 4-pole IPMSM with whose flux linkage is 0.175Whb, Ld Ldis5mH , Lq is 8.5 mH. The given speed is 600rpm,

so the @ in steady state is 125 rad/s. The cutoff frequency ( @), ) used in the LP filter and proposed algorithm is

251 rad/s. The motor starts at the speed of 0. During the start process, we use the actual rotor angle for
coordinate transformation, and then switch to the estimating rotor angle at 0.18s. The given torque changes at
0.2s. The start process lasts for 0.08s and then reaches the steady state.

The result is shown in Figure 5. On the left side of (a)-(d) is the results of load torque change from 1N*m to 4
N*m at 0.2s, while on the right side is the results of load torque change from 2.5 N*m to 5SN*m. We can see
from the figure that the motor go after the given speed at 0.08s and then as the load torque suddenly increasing,
the motor speed drops at 0.2s and then slowly goes back to the given speed. During this period the difference
between the estimation and actual value is kept within 0.02rad all the time (<2° ).

The Figure5(e) is comparing with the errors of motor with different initial rotor position angle. As is shown that
different initial rotor angle had little influence to the estimating errors both in regular time and steady-state error.
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Figure 5 Results of Estimation Simulation

CONCLUSIONS

The modified integrator proposed in this paper is developed to solve the problems produced by the pure
integrator and low-pass filter for rotor flux estimation. The integrator is suitable for motor operation over a wide

speed range. Especially during load change operation, iq changes alone with load change, the error is controlled

within 0.02rad. And cases of different initial rotor angle are discussed. The performance of the proposed
integrator is verified though simulation.
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