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Energy-efficient Control Algorithms of Permanent
Magnet Synchronous Motors for Fan Applications
The paper deals with the problem of V/f control of a Permanent Magnet
Synchronous Motor without winding dumper for fan applications. Voltage
optimization was carried out in order to minimize the input power of PMSM. A
model of the motor, that takes into account core losses and copper losses, has been
presented. The relation between rotor speed and both types of losses has been
established. Gained knowledge has been used to propose energy-optimal vector
control strategy. Simulation results confirmed the validity of the applied solution for
fan applications.

1. Introduction
In the last decade, the use 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. 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
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damping of the rotor is required. This can be achieved by an appropriate modulation of the
frequency of the motor.
In [12, 13] an analysis of the stability of PMSM with fan load was carried out. Its results
show that the PMSM without dumping windings is unstable. An additional stabilizing loop
was introduced.
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. 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.

2. PMSM model accounting for core and copper losses.
With the assumptions that spatial distributions of the magnetic flux in the air gap is
sinusoidal and that the magnetic circuit is linear, the equations of the model are as follows
[14]:
(1)
(2)
(3)
(4)
(5)
(6)

(7)
(8)
(9)
(10)
losses in steady state:
(11)
(12)
where:
,

– currents in direct and quadrature axes
,

– currents in the core (d-q axes)

,

– stator currents (d-q axes)

,
,
,
,

– voltages in d-q axes
,
– inductances in direct axis, consecutively – total, magnetizing, leakage
,

– inductances In quadrature axis, consecutively – total, magnetizing, leakage

– stator resistance and core (transversal) resistance (for 1 st harmonic)
– permanent magnet flux

– number of pole pairs
– mechanical speed
, – electrical and mechanical torque
,
– copper and core losses in steady state

Fig. 1. Direct and quadratic axis equivalent circuits of PMSM

Both types of losses (core and copper) are function of speed and currents as shown in
equations (12) and (13). Total electrical losses are sum of copper and core losses so they can
too be shown as function of these three variables:
(13)
Due to relationships between variables (4), (6), (9) it is possible to formulate losses as
functions of other variables, for example:
(14)
Finally, in case of fan application, torque is function of speed and speed, in turn, is
derived from pumped volume, so losses may be considered as function of two variables:
(15)

3. Fan and vent system model
Output of ventilated system increases with pressure, but this growth is nonlinear and
generally slower than proportional. It is often assumed that volume is proportional to the
square root of pressure. Literature on the subject often considers this relation (called flow
, where Q is volume and
is difference of
characteristic) in reversed axes i.e. as
is used instead of
, but we
pressures before and after fan. Note that usually notation
already used p as number of pole pairs. In the figure 2 example was given.

Fig. 2. Example of vent system flow characteristic

Fan flow characteristic, on the other hand, usually decreases with volume. Crossing
point of fan and system characteristics sets working point of the whole structure. As power of
, there exists working point, where power is maximal. It is important
the fan equals
to fit fan type to the system so that working point would be close to this optimum [15].
PMSM usage allows for fluent speed control, so the fan characteristic may be adjusted
thus allowing for fluent volume and pressure control. It is known that (approximately) volume
is proportional to speed i.e.

and pressure is proportional to speed square

. Figure 3 shows fan characteristics for speeds ranging from 60% to 100% of
nominal, related working points and power characteristic for motor working with full speed.
and
At this case fan is well fit. Optimal working point (OP) exists at volume
. This corresponds to power about 417,5 kW. Working point (WP) at
pressure
and
. Horizontal distance between
that speed has coordinates
points on the figure exists because OP and power characteristic are drawn using the power
scale (right hand).

Fig. 3. Fan and system flow characteristics

Working motor is loaded with mechanical torque

:
(16)

where:

– static friction torque
– dynamic friction coefficient
q – power coefficient on which determines how friction depends of speed. Experiments in this
paper use value 1.2

Fig. 4. Torque characteristic

4. Energy-efficient vector motor control
The following simulations (4.2, 4.3 and 4.4) has been performed with use of Matlab
package and with help of self-made custom application. Experiment 1 purpose was to find
optimal value of current for motor working with chosen speed and torque. In experiment 2,
was looked for with the assumption that motor
optimal pair of values of speed and
for chosen volume was
generates constant power. Finally, in third experiment, optimal
searched.
First two experiments used model of PMSM with following parameters:

Fig. 5. Fan flow characteristic

Third experiment used different model of larger motor, derived from WDS380B6015
produced by Wuhan Directly-Driven Motor Co., Ltd. Its parameters are [16]:

This experiment also used model of the fan [17], which flow characteristic was
(shown
approximated by polynomial function
.
at figure 5), vent system in this experiment had flow characteristic as

4.1.

Application

For purpose of research, dedicated utility application has been written in C# using
Microsoft Visual Studio 2010. It uses .Net Framework 4.0 technology and MS Chart add-on.

Fig. 6. Application main window

This application allows for:
· Entering data of fan and system characteristic from file, editing it and saving to file
· Computation and charting of flow characteristics
for different speeds and
mechanical characteristic
as shown on figures 2 and 3.
· Computation of working points for these speeds (figure 3).
· Finding and charting load characteristic (figure 4)
· Auxiliary actions like saving charted characteristics to graphics files.

4.2.

Experiment 1

For each instance of experiment, speed and torque was chosen. Then, range of current ,
from
to was quantized with step
, resulting in set of 501 values. For each element
of this set, responding value of
was computed from equation 9. For each pair
core currents was computed from equations (6) and (7) and then total currents was obtained
from set of fours
. Then from equations (11) and (12) losses was computed
resulting in characteristic
for each pair
. As seen on figure 7, in both cases
is negative. The
current, needed by controller, can be easily obtained
optimal current
. The optimal value of current decreases with torque increase as shown on figure 8.
from

Fig. 7. Losses (copper, core and total) as function of
nominal (

Fig. 8. Optimal current

4.3.

current. Speed equals and torque is (left side) and
, right side)

as function of torque

Experiment 2

Second experiment is generalization of the first. For each element of set of speeds from
range to , torque was chosen, such that motor power
equals its nominal power
. Then, for each pair
, procedure from experiment 1 was repeated. The effect is
surface plot of function of two variables. Its sections along speed axis would be functions
similar to those from figure 7.

Fig. 9. Losses with mechanical power at 540 [W]

4.4.

Experiment 3

In this experiment, optimal
experiment were as follows:

for chosen fan volume

was searched. Steps in

· For each value of , working point
was find with the use of C# application
(see 4.1). Figure 10 illustrates this.
· Computation of needed torque
from equation 16.
· Procedure from experiment 1 was applied, so optimal current
was found.

Fig. 10. Set of working points from range to

Tab. 1. Working points and optimal values of current

135
130
125
120
115
110
105
100
95
90
85
80
75
70
65
60

1,001
0,964
0,927
0,890
0,853
0,816
0,779
0,741
0,704
0,667
0,630
0,593
0,556
0,519
0,482
0,445

2848
2647
2451
2265
2085
1913
1749
1589
1440
1298
1166
1039
921
810
707
612

-27,1
-26,0
-24,9
-23,8
-22,6
-21,4
-20,2
-18,9
-17,6
-16,2
-15,0
-13,7
-12,4
-11,2
-10,0
-8,7

5. Energy-efficient V/f Control
5.1.

V/f control method for a PMSM without dumping windings

The 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 nominal torque in the full range frequency to be obtained.
For the calculation of the magnitude of the voltage
the following equation was used:
2
2
2
v s = i s rs cos j ui + e s + (i s rs cos j ui ) - (i s rs )

(17)

where:
jui – the angle between voltage (vs) and current (is) vector
es = lmw - electromotive force
lm – torque constant
wr – reference speed.
The current vector is obtained by measuring three phase currents in a fixed coordinate
system ab:
2
2
i s = ia + i b

(18)

where:
ia =

1
(2ia - ib - ic )
3

(19)

ib =

1
( ib - ic )
3

(20)

The term iscosjui is calculated from the equation:
is cos fui =

(

)

o
2 éia cos fu + ib cos fu - 120 + ù

ê
3 ê + ic cos (fu + 120o )
ë

ú
ú
û

(21)

where:
ju – voltage vector angle
ia, ib, ic – motor phase currents.
ia,ib,ic

ju

is

Calculaton of is

1
sT1+1

iscosjui

Calculaton
of iscosjui

wr

Calculaton of vs

vs

1
sT1+1

Fig 11. The algorithm for calculating the voltage v s

In order to eliminate high frequency distortion in the current is a low pass filter was used.
The algorithm for calculating the stator voltage vs is shown in Figure 11.
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 [13] 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:
Dwe = - k Dpe

(22)

where Dpe – perturbation of power for an operating point. This value can be expressed as
an electrical power signal after passing through the high pass filter
æ
è

Dpe = ç 1 -

ö
æ sT ö
÷ pe = ç
÷ pe
sT + 1 ø
è sT + 1 ø
1

(23)

where input power pe of the PMSM is given by:
pe =

3
2

vs is cos fui

(24)

The algorithm for calculating the frequency modulation signal Dwe is shown in Figure 12.
vs
iscosjui

Calculaton of pe

pe

s Dpe
c
-k= w
r
sT2+1

Dwe

wr
Fig 12. The algorithm for calculating the frequency modulation signal Dwe

The block diagram of the open control system V/f with stabilizing loop is shown in Figure 13.
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Fig 13. Structure of PMSM drive with stabilizing loop and steady state optimization

5.2.
Tuning of stator voltage amplitude to energy-efficient 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. 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 q-axis current component
is determined by the load torque.

Fig 14. Power losses versus speed and correction voltage

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. Are losses are calculated in detailed motor
model. The results of optimization are shown on fig. 14. The power losses depend on

reference speed and applied voltage correction. The minimum value of power losses is search
in the table.

5.3.

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 model with zero speed analysis
[11] 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 15 a) 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 q-axis is
related to the load torque. Unfortunately the d-axis current increases the losses in the drive.
During the presented test the energy delivered to the motor was 7.11 kJ. The sum of losses in
winding and losses in iron was equal 1.72 kJ.
Figure 15 b) 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. In this case the energy delivered to the motor
was 6.69 kJ. The sum of losses in winding and losses in iron was equal 1.49 kJ. The
efficiency of the drive has increased by about 2%.

a) without optimization
b) with optimization
Fig. 15. Simulation results for system without/with optimization block.
1 row: reference speed (dashed line) and drive speed (solid line); 2 row:
current (dashed line) and id current
(solid line); 3 row: frequency correction;4. row: Input energy (solid line) and losses energy (dashed line).

6. 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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