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Abstract— The paper deals with the problem of V/f control of a
Permanent Magnet Synchronous Motor without winding dumper
for fan applications. Based on stability analysis, an additional
stabilizing loop is introduced. Voltage optimization was carried
out in order to minimize the input power of PMSM. Simulation
results confirmed the validity of the applied solution for fan
applications.
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l. INTRODUCTION

In the last decade, the wuse of permanent magnet
synchronous motors (PMSM) in motion control applications
has significantly increased due to their features such as high
efficiency and high power density [1]. In servo applications, in
order to achieve high dynamic performance in torque, speed
and position response the field orientation should be applied in
a closed loop control [2]-[3]. The PMSM control requires a
position sensor such as an incremental or absolute encoder,
which increases the cost and decreases the reliability of the
control system. Therefore, PMSM sensorless control is widely
used. Many papers have as their main focus to eliminate
position sensors. One of the methods used is a sensorless
vector control, which estimates the rotor position by using, for
example, the motor’s electromotive force [4], or by using a
Kalman filter [5,6]. The second method is V/f control in an
open loop without rotor position. In applications such as pumps
and fans, where a high dynamic is not required, a simple V/f
control method can be applied instead of field oriented control
[7]-[10]. In many applications, interior-type PMSMs with
dumping windings are used for open-loop V/f control.
Consequently the system is stable. However due to high cost,
PMSMs with dumping windings are not often used. PMSMs
without dumping windings do not ensure synchronization
between the rotor and stator to the control V/f. It is a cause of
instability of the system of PMSMs in open loop V/f control.
Therefore, additional signals are needed to ensure
synchronization and stable operation in V/f control.

In [8]-[10], in order to achieve stability to control V/f
with PMSM without dumper windings, a dc-link current
feedback was used. Moreover, a coordinate y-6 frame was
introduced in order to find the algorithm which minimize input
power to the PMSM.

In [7], a new method of V/f control with PMSM without
dumping windings in the rotor is proposed. In this method,
stator voltage is calculated in order to maintain constant stator
flux. This allows working with constant torque in the full
frequency range. To stabilize the system for the full frequency
range, additional damping of the rotor is required. This can be
achieved by an appropriate modulation of the frequency of the
motor [7].

In this paper, an extensive simulation study for
PMSM without windings dumper for open loop V/f control
was carried out, where voltage is calculated in order to
maintain a constant stator flux. An analysis of the stability was
carried out. Its results show that the PMSM without winding
dumper is unstable. An additional stabilizing loop was
introduced. Voltage optimization was carried out in order to
minimize the input power of the PMSM. Simulation studies
confirmed the validity of the applied solution. They are also a
good starting point for future experimental studies.

Il.  MATHEMATICAL AND SIMULATION MODELS OF PMSM
DRIVE

The basic equations of PMSM on d-q coordinates, where
the d-axis is defined along a permanent magnet flux, are
defined as:
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where Uy, U, and Iy iq are the stator voltage and current
components, .y, are flux components and @ is the motor

angular velocity. R is the stator resistance. The flux is
properly defined as:

Vg =Lyl + 4, )
v, =L, (4)

where A, is the permanent magnet fluxand L, L are the
stator inductance on both axis. In this paper the surface PMSM



is analyzed, for which L, =L, = L. Motion of the drive is

Fig. 1. Steady state vector diagram of the PMSM

described by equation:
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Load torque T, for a typical fan application is defined by:
T, =T, +k, -0’ (6)

where T, is a static friction torque and K, is a fan

coefficient.

The control system designed on the basis of the
equations in the dg-axis allows very good dynamic properties
of the drive. In this case, it is however necessary to measure or
estimate the position of the motor shaft. In the case of PMSM
control in open loop it is advisable to convert the drive
equations to the &y-axis rotating synchronously with the supply
voltage (Fig. 1). After rotation the equations (1)—(6)

. di, . .
uy:O:R~Iy+L-d—£—m5~L-IB+@~km~Sln8 ()
U =|us|=R~i§+L~?j—|:+ms-L~iY+m-xm~coséi 8)

where @, is the supply voltage angular frequency. The
relation between current and voltage in dg-axis and dy-axis is

defined as:
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The load angle & changes in transient state due to:
ds
— =0, —0 (11)
dt

The motor torque is equal to:
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I11.  3.STABILITY ANALYSIS OF PMSM DRIVE WITH V/F
CONTROL

The equation set (7)-(12) is nonlinear. To analyze the
stability the linearization near the operating point is realize. For

the fixed rotor speed ®, is required to produce an equal
electromagnetic motor torque:
To =T, +k -0 (13)

To minimize the motor current, the d-q components
value of the current will be:
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In this case, the load angle, while omitting the voltage
drop at the resistance, according to the diagram of Figure 1 will
be equal to:

L-i
LL (15)
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The stator voltage should be:

Uy = (L i) + 22 -0, (16)

The current component values on the 3, y - axes can be
determined as:
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In steady state, the load angle is not changed, which means
that m,, = @, .

For the analysis of the linearized model of the drive
with PMSM, the state vector x and the input vector u are
introduced as:

x=[Ai A, Ao AS] (18)

u=[Au, Au; Ao ]T
! ; (19)
For such an established linearized model of the
PMSM, fan drive stability analysis was performed over the
whole range of speeds. For the numerical analysis, the sample
drive data were used, based on papers [7]-[10]. Figure 2 shows
the loci of the poles as a function of drive speed.
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Fig. 2. Loci of the drive poles as a function of speed.

Based on the analysis, two pairs of poles can be
highlighted in the drive dynamics. The fast one, related to
electromagnetic processes in the motor, is stable for any speed.
The other slow pair, shown enlarged in Figure 2, is related to
the electromechanical variable. This pair is only stable for low
speeds, up to about 20% of the rated speed. Above this speed,
the poles are in the right half-plane of the complex plane.
Based on the analysis, an order reduction of the system
equations is possible. The reduced order state equation has the
form:

Xz = Az Xz +B;-u (20)
where
Xp =[A0 A (21)

In a simplified analysis it is assumed that stator resistance
can be omitted, and then:
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On the basis of equations (20)-(23), the mechanical sub-
system block diagram of the PMSM drive can be represented

as shown in Figure 3. In this scheme, only the input A, is

taken into account. Through this input, an additional stabilizing
signal to the drive is applied. Voltage vector components are
selected with the intention of minimizing losses in the motor.

IV. FREQUENCY MODULATION AND VOLTAGE CONTROL
METHODS

A. Voltage control method

The simulation tests were carried out in Matlab—Simulink.
During the tests, the behavior of the speed of PMSM drive was
analyzed.

In paper [7], a new V/f control method is proposed for
a PMSM without dumping windings in the rotor. In this
method the reference stator voltage is calculated in order to
maintain a constant flux. This allows a constant torque in the
full range frequency to be obtained.

For the calculation of the magnitude of the voltage v
the following equation was used [7]:
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where:
@i — the angle between voltage (vs) and current (is) vector

es = Ampo - electromotive force

Am — torque constant
oy — reference speed.

The current vector is obtained by measuring three phase
currents in a fixed coordinate system of3:

ig = .[i2 +i§ (25)
where:
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The term iscosgy; is calculated from the equation:
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where:

¢, — Voltage vector angle
i, Ip, Ic — Motor phase currents.
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Fig 4. The algorithm for calculating the voltage v

In order to eliminate high frequency distortion in the
current is a low pass filter was used. The algorithm for
calculating the stator voltage v is shown in Figure 4.

B. Stabilizing Loop

To stabilize the system for the full frequency range,
additional damping of the rotor is required. This can be
achieved by an appropriate modulation of the frequency of the
motor [7]. The simplified dynamics model, presented in section
3 is used for the analysis. This model allows the predicting of
how the applied frequency should be modulated to add
damping to the system with PMSM. In addition, the speed
disturbance is the main cause of the power perturbations for an
operating point. Based on this analysis, the applied frequency
should be modulated as:
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Fig 5. The algorithm for calculating the frequency modulation signal Ao

where Ap, — perturbation of power for an operating point.
This value can be expressed as an electrical power signal after
passing through the high pass filter

1 ST
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where input power of the PMSM is given by:

3
P = Evsis COS(I)ui (31)

The algorithm for calculating the
modulation signal Aw, is shown in Figure 5.

frequency

The block diagram of the open control system V/f
with stabilizing loop is shown in Figure 6.

V. TUNING OF STATOR VOLTAGE TO ENERGY-OPTIMAL
WORKING STATE

Optimization of the motor in steady state operation can be
done in the on-line or off-line structure. The on-line method is
based on the measurement of power losses, and uses a search
algorithm to tune a control variable to achieve a minimum loss
working condition. The optimizing controller does not depend
on a loss model and is robust to variations in the motor
parameters, such as temperature. Correct measurement of
losses is unfortunately often difficult to implement in practice.
The off-line method is based on a loss model of the machine.
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Fig 6. Structure of PMSM drive with stabilizing loop and steady state
optimization

This approach can be used when the losses in the machine can
be easily modeled in terms of input signals. This method can
usually be easily implemented using look up table methods.
This method is proposed in this paper.

In a permanent magnet motor with no core loss, a
drive that operates at nearly zero d-axis current components
will be optimally efficient. In steady state, the amplitude of the
motor supply voltage influences the d component of the
currents, while a g-axis current component is determined by the
load torque.

With a fan drive there is an explicit dependence of
load torque on the speed. After a series of simulations tests a
steady state optimization table is created. The reference
acceleration input is used to determine the steady state. The
output signal is the fine-grained reference voltage correction.
The optimization table is based on power losses in drive. The
total power losses consist of winding losses and core losses.
Avre losses are calculated in detailed motor model.

The results of optimization are shown on fig. 7 and 8. The
power losses depend on reference speed and applied voltage
correction. The minimum value of power losses is search in the
table.

Speed [rad/s]200
0.1

Fig 7. Power losses versus speed and correction voltage
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Fig 8. Look-up table for correction voltage reading versus reference speed

VI. SIMULATION RESULTS

A motor simulation model was built in Matlab based on
standard motor equations (1)-(6). For suitable modeling of the
static torque, the static friction Karnopp [11] model was used.
A PWM inverter was modeled as an ideal P gain with
additional delays. At the present stage of research it is assumed
that the current measurement is ideal. The reference speed is
generated by a reference signal generator with acceleration and
jerk limits.

To demonstrate the effectiveness of the proposed
method, some results of the simulation are presented. The test
consists of three phases: startup, changing speed and braking.
Figure 9 shows the waveforms for the system without the
optimization block. The drive is working properly. Actual
speed closely follows the reference speed. The frequency
correction signal provides stable operation. The current
component in the g-axis is related to the load torque.
Unfortunately the d-axis current increases the losses in the
drive.

Figure 10 shows the waveforms for the system with
the optimization block. Under steady state conditions the d-axis
current is reduced to almost zero. Also the reduction of the d-
axis current is shown in the dynamic states. Due to the large
grain size of the optimization table there are stepwise changes
in the current value. Further work should lead to a reduction of
this phenomenon.

VII. CONCLUSION

The method of the PM motor control presented in this paper
is suitable for applications requiring a low dynamic, like pumps
and fans. This method does not use position sensors or position
estimators. The off-line optimizing method is applied to
achieve minimum power losses. The method presented will be
implemented in a real industrial drive with low and middle
sized fans.
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Fig. 10. Simulation results for an optimized system. Top: Reference speed
(dashed line) and drive speed (solid line) Middle: iq current (dashed line) and iq
current (solid line) Bottom: Frequency correction

Fig. 9 Simulation results for a system without optimization. Top:
Reference speed (dashed line) and drive speed (solid line) Middle: iq

current (dashed line) and iq current (solid line) Bottom: Frequency
correction
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