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Abstract. Permanent magnet synchronous motors (PMSMs)
are extensively used in high-performance industrial applications.
High dynamic response can be achieved by means of direct
torque control (DTC). The main advantage of DTC is that
coordinate transformations and pulse width modulation (PWM )
generation are not needed, however, classical DTC produces
high torque ripple. This paper presents a comparison of different
flux estimation methods to implement DTC drive systems, and
shows the influence of the choice of estimation method on
torque ripple.
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1. Introduction

Research works on DTC applied to induction motors [1]-
[2] appeared in the 1980's, introducing an alternative to
vector control requiring no axis transformations to the
rotor-fixed coordinate system and with less dependence
on machine parameters.

Since then, several research works have shown the
possibilities of applying DTC to PMSMs [3]-[4], as
attention to its higher power density and efficiency rates
grew strong with the appearance of NdFeB magnets. Their
high coercivity values and extended lifetime made it
possible for the PMSMs to reach application fields that up
to then were reserved for the induction motors.

Use of DTC for PMSMs makes possible the
implementation of sensorless speed drives [5]-[6], with
the consequent reduction of manufacturing costs and
higher robustness. Torque and flux are estimated from
actual values of stator current and voltage, and two
hysteresis controllers compare estimation with reference
torque and flux values. The hysteresis signals control a
voltage-source inverter which feeds stator windings with
the required voltage vector in order to maintain torque and
flux values under control.
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An important disadvantage of this scheme is that PMSM
drive performance is severely influenced by the accuracy
of stator flux-linkage vector. Estimation of stator flux-
linkage vector is critical as it determines rotor position,
which is needed to select appropriate voltage vector; and
also it is part of estimation of developed torque, used to
determine error signal of control system.

In recent research works [7]-[9], many authors have given
attention to improve accuracy of stator flux-linkage vector
estimation, with different proposals, based on voltage
vector components in the stator coordinate system.

We will consider the following:

1) open-loop integrator;
2) open-loop low-pass filter;
3) closed-loop integrator with PI.

The objective of this paper is to perform a comparison of
different strategies to estimate stator flux-linkage vector,
and also to investigate its influence on developed torque
ripple of a DTC applied to a PMSM. A sensorless speed
control for a PMSM was also simulated to compare
performances of different estimation methods.

2. Motor model

We use as motor model equations in the stator coordinate
system D-Q axis. For this coordinate system, equations
describing electrical and mechanical magnitudes of a

PMSM are:
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where up, up, ip and ip are the stator voltage and current
components in the D-Q axis coordinate system, R, is the
stator resistance, L, and Ly are inductance values, yp and
wo are the D-Q axis components of stator flux, y,., and
Wmo are the rotor magnet flux components, p is the pole
pair number, @ is rotor speed, € is rotor angle, J is rotor
mass moment of inertia, B is a constant related to friction
and 7T and 7, are electromagnetic and load torque.
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Fig. 1. Vector diagram of the PMSM in stator coordinates.

Figure 1 shows vector diagram representing a PMSM. In
this diagram, in addition to stator coordinate D-Q system,
d-q coordinate system moving with the rotor is included.
As d-axis is aligned with magnet flux axis, and d-g
coordinate system moves jointly with rotor poles, magnet
flux-linkage vector orientation always represents rotor
angle 6. As long as we can calculate torque angle J (angle
between stator flux and rotor flux vectors), is possible to
obtain rotor angle from stator flux vector angle, given by
its two components yp and g .

3. Basic DTC concept

Motor torque developed by a PMSM is also given by:
7= 3Py

4L,L,

where ., is the rotor flux, L, and L, are stator winding

inductances in rotor-fixed direct and quadrature axis, y is
the stator flux and ¢ is the torque angle.

(2,2, sind +y (L, - L,)sin25) (5)

It can be seen from equation (5) that developed torque is
directly proportional to torque angle, when flux is
constant. So, we can control torque by increasing or
decreasing angle J. This expression allows us also to
calculate torque angle for a given torque and stator flux
values.

In PMSMs, stator flux vector can be described by:

V=

where v, and i, are stator voltage and current vectors.

7.~ R I} ©)

https://doi.org/10.24084/repqj11.572

1185

During the integration interval, we can assume that
voltage vector is constant, so:

)= 7s R gl O
Neglecting stator resistance voltage drop, equation (7)
shows that stator flux can be calculated as the sum of
stator flux vector and a vector with the same orientation
that stator voltage vector.

A common mode of driving a PMSM is by using a three-
phase inverter. The switches can be controlled to connect
to each phase stator winding positive voltage “1”, negative
voltage “-1” or disconnect phase winding from DC
voltage supply “0”. By sclecting the appropriate
combination of switching states in the three-phase
inverter, voltage vector can be generated in a set of 6
different space orientations, as depicted in Fig. 2.
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Fig. 2. Three-phase inverter and stator voltage vectors.

The effect of voltage vector on stator flux depends on
rotor position, as this determines stator flux vector
orientation. As it can be seen on Fig. 3, application of
vectors u, and u; results in an increase of torque angle,
while voltage vectors u;s and us modify stator flux vector
so that torque angle decreases.

Sector |

Fig. 3. Effect of voltage vectors on stator flux linkage vector.

The use of voltage vectors to control torque angle gives us
an additional chance of controlling motor behavior, as we
can also modify stator flux amplitude. In the same figure,
it can be seen that voltage vectors u, and u, contribute to
higher stator flux amplitude, while vector u; and us reduce
stator flux.

RE&PQJ, Vol.1, No.11, March 2013



For the motoring mode and positive rotational speed,
stator flux vector leads rotor flux vector, so that an
increase in stator flux vector angle increases ¢ and
developed torque; on the contrary, a reduction of stator
flux vector angle decreases ¢ and developed torque.

A pair of hysteresis comparators [1], [2] can keep torque
and flux amplitude between a given interval, by selecting
voltage vector to increase or decrease flux or torque
amplitude. To develop this task, accuracy of flux
amplitude is of the highest importance to estimate
developed torque, as it can be seen in (3). Estimated
torque is then compared to reference torque to create error
signal for the hysteresis comparators. Table I shows
adequate voltage vector selection for control of torque and
flux at every rotor position, which is calculated from
stator flux angle and torque angle.

TABLE 1
VOLTAGE VECTOR SELECTION
M y! Tyl T, y1 Tyl
Voltage vector at
Un+1 Up+2 Up-1 Up-2
n sector

Sampling time of the required voltage vector is most
important, as torque variation rate achieved with this
method is high. At high sampling times, torque values
surpass hysteresis comparator band before switching state
has changed to select the appropriate voltage vector. This
can lead to high torque ripple.

4. Stator flux linkage estimation methods

Estimation of flux-linkage vector can be done directly
from equation (6), but some other methods are proposed
[7]-[10].

Most of these methods are based on equation (6), as it
offers the important advantage of being independent on
rotor position and that the only parameter of the machine
which needs to be known is the stator resistance R..

However, this value is not a constant, as operation of
PMSM involves a change of temperature of stator
winding, with the consequent change of stator resistance.
At low frequencies, stator voltages are very small and are
dominated by ohmic voltage drops. The drive system may
become unstable if stator resistance used in the controller
differs from real value. Furthermore, errors may occur in
the monitored voltages and currents, due to phase shift
caused by the sensors or even quantization errors in the
digital system.

For these reasons we will compare pure integration of (6)
with other flux estimation methods:
A.  Open-loop integrator

Calculation of the stator flux-linkage is done by equation
(6). This is an open-loop method and so, there is no
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chance to correct flux value during operation of drive
system:

e any offset in voltage or current measured value
may lead to large drift in the estimated flux
vector components;

e wrong initialization of integration will add a DC
value to its output;

e a different value of R, will cause important
errors, especially at low speed.

B.  Open-loop low-pass filter

A low-pass filter (LPF) can overcome the problems of
simple integration. Flux estimation is developed by
equation (6), but integration is substituted by the
following transfer function:

@®)

§+—
T

As a LPF is equivalent to a high-pass filter plus an
integrator, DC values and dependence on initial values is
reduced in the flux estimation.

To obtain a pure integration, the time constant 7 has to be
carefully chosen. To obtain good flux estimation at low
speeds, time constant should be large, but this will lead to
a slow flux estimation.

C. Closed-loop integrator with Pl

Pure integrator can be used if it is corrected through
external feedback. The input of the integrator can be
added to an error signal (affected by a PI block), obtained
from the comparison of estimated flux-linkage vector and
an approximation of the real flux vector. This is calculated
using a vector with the magnitude of the flux reference
and the same phase than the estimated flux-linkage vector,
as depicted in Fig. 4.

Fig. 4. Closed-loop integrator with PIL.

This closed-loop integrator can remove drift problems and
correct some of the problems derived from incorrect stator
resistance values, but decrease of drive system reaction
time and possible phase lags should be taken into
consideration.

5. DTC simulation

Study of this method was carried out in a numerical
simulation of a PMSM, using one of Matlab’s toolboxes,
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Simulink. The components of our PMSM and all the
components of the DTC system different strategies were
simulated using this program’s blocks.

For dynamic simulation, equations are written as follows:

dy,
Tu,-Ri;tw
di d sta Yy ©)
dy .
a e Rl ovy (10)

These equations, with motor torque equation (4) describe
electrical and mechanical behavior of PMSM.

We use a model with a 450V DC voltage source, feeding a
six step three phase inverter for the voltage source
connected to the PMSM windings. For this simulation,
constant flux reference was selected with the same value
than magnet flux-linkage. The complete model for the
simulation can be seen on Fig. 5.

L=

_gates|

‘Switching tabla

L

Fig. 5. Model of PMSM and DTC control.
6. Simulation results

Simulation of a PMSM with a DTC was performed for
different flux-linkage vector estimation strategies.

Fig. 6 shows stator flux-linkage vector represented by its
components in the D-Q stator coordinate system. Open
loop pure integration was the flux estimation method
chosen, and it can be seen that flux vector is centred at the
origin, showing no eccentricity in the flux trajectory. Flux
estimation method was capable of maintaining flux
amplitude within hysteresis comparator limits.

FD, FQ open loop integrator

0,250

0,250

FD (Wh)

Fig. 6. Stator flux components in the D-Q system.
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As it can be seen in Fig. 7, all three methods were able to
keep under control stator flux-linkage amplitude, even
with a step change of torque reference from 15 Nm to 20
Nm att=0.1s.

DTC closed
loop with PI

==DTC open loop ==DTC open loop
integrator LFF

0210
0,205
0,200
0,195
0,150

0,185

0,180

Stator flux linkage (Wh)

0,175
0,170
0,165

0,160

0,0975 0,0985 0,0995 0,1005 0,1015 0,1025

Time {5}

Fig. 7. Stator flux amplitude.

Fig. 8 shows developed torque for all three stator flux
-linkage estimation methods. The high dynamic
performance of DTC is clear as reference torque is
changed at ¢+ = 0.1 s and change of developed torque is
achieved in less than 0.5 ms.

=—DTC openloop ==DTC open loop LPF —DTC cloged loop with
integrator PI

Torgue (Nm)

01005

01015 01025

Tire (5)

Fig. 8. Torque ripple of DTC.

Torque ripple factor is defined as follows:

11
av

For better comparison between flux estimation methods,

table II shows maximum, minimum, average torque (7,

Tin and T,, respectively) and torque ripple factor (¢,) for

analyzed DTC control methods.

TABLE 11
TorQUE VALUES AND RippLE FacToRr FOR FLux EstTiMATION
Flux estimation | Ty (Nm) | Ty (Nm) | T, (Nm) | 2. (%)
method
Open-loop 20.67 19.25 19.99 7.06
integration
Open-loop LPF 20.64 19.01 19.81 8.20
Closed-loop 20.68 19.32 20.05 6.77
integration
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These results show that:

1) The differences in torque ripple are slight, the
three methods are capable of achieving reference
torque with accuracy.

2) Flux estimated through open-loop LPF shows a
superimposed sinusoidal component, possibly
due to phase lag introduced by LPF.

3) The closed-loop integration shows the best

results for torque control.

7. Voltage value error

Voltage value can be incorrectly estimated for the drive
system, due to error in the sensor or signal acquisition
phases. A common error that can be easily simulated is an
offset value introduced in the flux estimation system as a
constant difference between real stator value and values
used for integration of stator voltage vector.

An error of 10% of voltage DC source was used during
simulation, with similar results for all three flux
estimation methods. As it can be seen in Fig. 9, all three
methods were able to keep under control stator flux-
linkage amplitude.

==DTC open loop
integrator

DTC open loop = DTC closed
LPF loop with PI

0210
0,205
0,200
0,195
0,190
0,185

0,180

Stator flux linkage (Wh)

0,175

0,170

0,165

0,180

0,0975 0,0985 0,0995

Time (s)

0,1005

0,1015

0,1025

Fig. 9. Stator flux amplitude with voltage error.

As a result, torque value is unaffected (see Fig. 10) by
error in stator voltage value, showing no significant
difference with that obtained with correct voltage value.

— DTC openloop

DTC opeinloop LPF — DTC closed loop with
integrator PL

A

Tonge ()

0,085 00995 0,100 olo1s 01025

Fig. 10. Torque ripple of DTC with voltage error.
8. Stator resistance error

Stator resistance value may change during operation, due
to temperature dependence of stator winding resistance.
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This will cause an error in the calculation of flux
estimated value, with different results depending on
estimation method used.

An increase of 10% on stator resistance value was
introduce in the PMSM model, while parameters were left
unchanged in the flux estimation systems, simulating a
change of stator resistance value during operation of drive
system.

Fig. 11 shows stator flux-linkage vector represented by its
components in the D-Q stator coordinate system.
Compared with Fig. 6, flux vector trajectory shows a
difference in flux amplitude repeated four times at every
turn of flux vector (as torque angle is kept constant,
position of flux vector represent rotor position). The three
methods show a very similar performance in this subject,
developing rotor position dependence in the stator flux
amplitude with slight differences between them.

FD, FQ open loop integrator

0,250

0,200

FQ (Why

T T T 1
0,250 -0,200 0,200 0,250

-0,200

02504

FD (Wh)

Fig. 11. Stator flux components in the stator coordinate D-Q
system with stator resistance error.

Fig. 12 shows that stator flux amplitude during simulation
is not significantly different from that obtained without
stator resistance error. It is clear, though, that speed of the
three different flux estimation systems differ during
change of torque reference value, as maximum flux value
is achieved at different moments.

==DTC open loop
integrator

DTC open loop =—=DTC closed
loop with PT

0,210
0,205
0,200
0195
0,150
0185

0,180

Stetor fucinkegs (Wb}

& iy
, p \ |

0,165 A=

0,180

0,0975 0,0985 0,0995 0,1005 0,1015 0,1025

Tirme (s}

Fig. 12. Stator flux amplitude with resistance error .

The consequences on developed torque are shown at Fig.
13, where a superimposed sinusoidal can be clearly seen
added to the reference torque value. Frequency of this
sinusoidal increases with time, as expected from
information given by Fig. 10. Flux amplitude error is
repeated at every rotor turn, and as rotor accelerates, the
error is repeated more frequently.
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—DTC openloop == DTC open loop LPF ==DTC closed loop with
integrator PI

Torgue (Hm)
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Fig. 13. Developed torque with stator resistance error.

All three methods show a very similar performance in this
case, and all reduction on torque ripple is surpassed by
effect of stator flux amplitude error caused by change of
stator resistance.

9. Sensorless speed control

A speed signal can be estimated by differentiation of rotor
angular position, obtained from rotor flux vector angle
and torque angle in the torque and flux estimation stage.
With this speed estimate, a speed control gives a torque
and stator flux reference value for the DTC system.

For simulation of sensorless drive, rotor speed is
estimated from rotor angle signal with some filtering to
reach a smooth signal fit for the speed control. After
subtraction from speed reference value, error signal feeds
a proportional-integration block that gives torque
reference for the DTC control. Flux reference is kept
constant during simulation, using magnet flux linkage
value for stator flux value.

Fig. 14 shows speed response of PMSM drive during
simulation. Load torque was 3 Nm at start, with a step
change to 7 Nm at t = 0.15 s. Control reacts to reach again
speed reference value of 150 rpm after such a load
increase. Chosen flux estimation method was closed-loop
integration.
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Fig. 14 Rotor speed of PMSM sensorless drive with closed-loop
integrator.
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10. Conclusions

Several simulations of a PMSM controlled by DTC drives
were carried out for different flux-linkage estimation
methods, and the torque values have been compared.

All three studied methods keep good control on flux
reference value, and as a consequence, DTC drive system
is capable of maintaining torque reference.

Best results are achieved with closed-loop integration, and
torque ripple is reduced in comparison to pure integration
for flux-linkage estimation.

Simulation of parameter estimation errors shows that DTC
drive is not very sensitive to offset error in voltage value,
as no significant difference appears in flux and torque
estimation.

Change in stator resistance, on the opposite, affects
accuracy of flux estimation and consequently, torque
ripple is increased. The three methods show similar results
regarding torque ripple.
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