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Problems of Stator Flux Estimation in DTC of PMSM Drives

M. Kadjoudj®, N. Goléa* and M.E.H Benbouzid**

Abstract — The DTC of voltage source inverter-fed PMSMs is based on hysteresis controllers of
torque and flux. It has several advantages, namely, elimination of the mandatory rotor position sensor,
less computation time, and rapid torque response. In addition, the stator resistance is the only
parameter, which should be kuown, and no reference frame transformation is required. The DTC
theory has achieved great success in the control of induction motors. However, for the control of
PMSM drives proposed a few years ago, there are many basic theoretical problems that must be
clarified. This paper describes an investigation into the effect of the zero voltage space vectors in the
DTC system and points out that if using it rationally, not only can the DTC of the PMSM drive be
driven successfully, but torque and flux ripples are reduced and overall performance of the system is
improved. The implementation of DTC in PMSM drives is described and the switching tables specific
for an interior PMSM are derived. The conventional eight voltage-vector switching table, which is
namely used in the DTC of induction motors does not seem to regulate the torque and stator flux in a
PMSM well when the motor operates at low speed. Modelling and simulation studies have both
revealed that a six voltage-vector switching table is more appropriate for PMSM drives at low speed.
In addition, the sources of difficulties, namely, the errot in the detection of the initial rotor position, the
variation of stator resistance, and the offsets in measurements are analysed and discussed.

Keywords : DTC, Flux estimation, Offset in measurement, PMSM, Switching tables

1. Introduction

The direct torque control technique possesses
advantages such as less parameter dependency and fast
torque response when compared to the conventional torque
control via pulse width modulation (PWM) current control.
In fact, this approach proposes a control scheme where the
electromagnetic torque and flux magnitude are estimated
with only stator voltages and currents.

PMSMs are widely used in high performance applications
such as machines tools, robotics, and motion control because
of their high power density, high torque to inertia ratio, and
free maintenance. The DTC is a typical example of these
applications. Many PMSM drives use an open loop form of
torque control, based on the assumption that output torque is
proportional to applied current. This assumption may not
always be correct due to non-uniformity of magnetic
materials, current sensors non-linearities, and current
controller limitations. Theses factors can lead to high values
of torque ripple and copper loss [1, 2].

In the existing literature, many algorithms have been
suggested for the DTC control. The eight voltage-vector
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switching scheme seems to be suitable only for high speed
operation of the motor while at low speed the six voltage-
vector switching scheme, avoiding the two zero voltage-
vectors, seems to be appropriate for the permanent magnet
synchronous motor drive.

The voltage vector strategy using switching table is
widely researched and commercialized, because it is very
simple in concept and very easy to be implemented. The
control block diagram of the proposed method is shown in
Fig. 1. The stator fluxes linkages are calculated from stator
voltages and currents [3, 4]. The DTC is increasingly
drawing interest because of,

e Simplicity of its structure.

o Elimination of the current controllers.
¢ Inherent delays.

¢ Elimination of rotor position sensor.

Although the direct torque control has attractive features
such as fast dynamic response and low parameter
dependence, there is a problem of a drift in stator flux
estimation. In direct torque control, the stator flux is
estimated by integrating the difference between the input
voltage and the voltage drop across the stator resistance,

b= [V~ Rt

(H
Dp = J.(I/vﬂ - R, ‘Isﬂ)dt
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This paper investigates the problem of the offset error in
estimating stator flux linkage and torque for DTC
controlled PMSM drives.

When the stator flux is indirectly estimated from the
integration of the back emf, any DC offset is also
integrated and would eventually lead to a large drift in the
stator flux linkage. These sensors have temperature
dependent dc-offset. Since the current measurement path
contains analog devices, dc-offset is an inevitable problem.

The model suffers from several problems. Firstly, the
measured signals of the inverter DC-link voltage and motor
phase currents suffer from the offsets which in tum result
in inaccuracies of the stator flux linkage and torque.
Secondly, the variation of the stator resistance due to
change in temperature and stator input frequency also
contribute in the error, especially at low speed when the
voltage drop may become significant compared to the
amplitude of the voltage input. This error manifests itself in
producing large errors in the computation of the stator flux
estimation [5, 6].

2. Machine Equations

The motor considered in this paper is an interior PMSM

that consists of a three phase stator winding and a PM rotor.

The voltage equations in a synchronous reference frame
can be derived as follows [3-6],

v, = RI+¢“’(0¢ 3)

¢
KZ:RS'Iq'+7:+a)r'¢d (4)

Where the direct and inverse axes flux linkages are,
9, =Ld’1d'+¢f (5)
¢, =L.1, (6)

The electromagnetic torque of the motor can be
evaluated as follows,

—np'{¢f‘1q +(L, _Lq)'ld'lq} )

The motor dynamics can be simply described by
Equation (8).

Jodo,  f

n, dt n,

w,=C,, —C

st ®)

em

By using the concept of the field orientation, it can be
assumed that the d-axis current is controlled to be zero.
Thus, the PMSM has the best dynamic performance and
also operates in the most efficient state. Under this
assumption, the contribution of the second term of the
electric torque equation becomes effectively negligible and
the reduced dynamic model of the PMSM is given by the
following equations,

dy 2, R, b

a L, L ? Lq
ida) KT I f Wy = Cst )
n, dt n,

deo

_:a)r

dt

3. DTC Algorithm

The electromagnetic torque equation can be expressed in
terms of the stator flux linkage and its angle with respect to
the rotor flux linkage as follows,

C=0.75.np

d q 'd

~ sin@)+¢’ {——Li} sin@s) | (10)

For a surface magnet motor, Equation (10) becomes,
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Fig. 2. Torque — angle characteristics of PMSM

C=1.5.np.£fL'£.sin(5) (11)

The angle between the stator and rotor flux linkages,
noted 3§, is the load angle when the stator resistance is
neglected. In the steady state, the load angle is constant
corresponding to a load torque. Both the stator and rotor
fluxes rotate at synchronous speed. In transient state, the
load angle varies and the flux vectors rotate at different
speeds. The relationship between torque C and & may be
linear in some cases, and may not be linear in others cases
as depicted by Fig. 2. The limiting &, and Cj, for
various levels of stator flux linkage ¢, must also be
adhered to.

Fig. 2 presents the torque-load angle characteristics of
the PMSM drive when the flux amplitude is at 0.5¢y,
0.75¢¢, ¢, 1.5¢5 20¢ and 3¢r. For the two last cases, the
derivative of torque near zero crossing is negative. Then,
the DTC cannot be applied. The condition for positive
derivative of the torque with respect to the load angle is
given by Equation (12). For obtaining fast dynamic torque
response, the amplitude of stator flux linkage should be
chosen according to relation (12).

$<——4, (12)

The derivative of torque in Equation (10) is positive if,
—n/2<8<mn/2. Then, the increase of torque is proportional to
the increase of the angular velocity 8. In other words, the
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Fig. 3. Sectors and voltage vectors

stator flux ¢ should be controlled in such a way that the
amplitude is kept constant and the rotating speed is
controlled as fast possible to obtain the maximum change
in actual torque. There are six non-zero voltage vectors V-
V¢ and two zero voltage vectors V;-V,.

e Vi(1-1-1) = S;=1;8,=-1;S=1.
e Vy(11-1)) = S;=1;S,=1;S~=1.

e Vi(-11-1) = S.=1;S=1;5~-1

o Vy(-111) = S;=1;S,~=1; S=1
o Vi(-1-11) = S;=1;8S,=-1;8S~1

e Vi(1-11) = S;=1; Sp=-1;8=1
o Vy(-1-1-1) = S§;=1;S,=-1,S~1

e Vi(111) = S=1;5~1,S~1

The two zero voltage vectors are at the origin and the six
non-zero voltage vectors are 60° apart from each other in
the voltage vector plane as depicted by Fig. 3.

During the switching intervals, each applied voltage
vector remains constant and the stator fluxes linkages are
given in the stationary reference frame as,

4, (k+D)=¢,(k)+ [V, (k)- R I, (k)] (13)

Bk +1) =4, (k) +h[ V, (k) - R, L,(k)]  (14)

Neglecting the stator resistance, Equations 13 and 14
imply that the tip of the stator vector will move in the
direction of the applied voltage vector in a straight line as
indicated in Fig. 4. For controlling the amplitude of the
stator flux, the voltage vector plane is divided into six
regions. Each of these regions is 60° wide. In each region,
two adjacent voltage vectors may be selected to increase or
decrease the stator flux amplitude and give a minimum
switching frequency [7].
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Fig. 4. Control of stator flux linkage with selected stator
voltage vectors.

The six-region control is distinguished based on the
inequalities:

~Z4(1-N).Z<O(N)<Z—(1-N).2 (15)

In Fig. 4, the space between the two circles represents
the hysteresis band in stator flux linkage amplitude which
in turn is equal to the rated flux when operation below the
based speed is called for. For field weakening, these two
circles contract inward.

4. Problem of the Voltage Switching Tables

The torque and flux hysteresis controllers select the
appropriate voltage vectors. Tables 1 and 2 indicate the six
and eight voltage vector switching strategies, in each
region C and ¢ are increasing or decreasing functions of
time. From Table 1, the torque and flux are increased or
decreased by selecting only the six non-zero voltage
vectors. The torque is changed by reversing the movement
of the stator flux vector at each state of the hysteresis
controller output.

Table 1. The six voltage vectors switching table

z-1|7z=2[7=3]z=a] z=5] z=6
Re=1 ?ETF; Va| Vi | Vo | Vs | Ve |V
@D ?C‘z(; Vo | Vi | Vol vi| Vol Vs
Ry=0 ?5; Vi | Va| Vs | Vel Vi|V,
@) ?gj)) Vs| Ve [ Vil Vo] vl v,

Table 2. The eight classic voltage vectors switching table

7z=1|7z=2|z=3|7=4|z=5| z=6
Rl [R=I(CDH| Vo [ Vi | Vi | Vs [ Ve |V,
@O [R=0CH| Vi [ Vo [ Vi [ Vo [ V2 |V
R=0|R=ICDH | Vs [ Vi [ Vs [ Ve [ Vi | Vs
@ [R=0CHT] Vo [ Vo [ Vo [ V, | Vo [ V5

From Table 2, it is clear that when the torque is increasing
or decreasing, the flux linkage can be increased or decreased
by selecting alternatively one of the six non-zero voltage
vectors and one of the two zero voltage vectors.

Use of the six voltage vectors switching table implies
that the stator flux linkage is always kept in motion,
making it go forward and backward in order to regulate the
torque loop. For controlling the amplitude of stator flux
and therefore for changing the torque, zero voltage vectors
V; and Vjare not used in PMSM drives.

In Tables 1 and 2, Ry and R are the outputs of the
hysteresis controllers. Z=1,...6 represent the region’s
numbers for the stator flux linkage positions.

To study the performance of the DTC control, the
simulation of the system was conducted using a Matlab
programming environment. Fig. 5 shows that the motor can
follow the command torque very well. However, relatively
high torque ripples are observed. The estimated stator flux
has the same form of the flux reference. Fig. 5 indicates
how the voltage vectors are selected for keeping ¢, within
the hysteresis band when ¢, is rotating in the counter-
clockwise direction.

The PMSM was simulated under the DTC drive system
at high and low speed. Fig. 6 reveals loss of control over
torque and stator flux when the zero voltage algorithm is
used. These could not be attributed to factors such as
offsets in the measurements of motor terminal quantities
and the variation of stator resistance which are known

150 / \ 10_~\

Wr 100 N
/ / °
0 -10
(¢} 02 04 06 [ 02 04 06

%ﬂwWﬂM g

- 0
06 0 02 04 06

oA AT
VAR AN

- -
0 06 1 05 0 05 1
t(sec)

Fig. S. DTC without zero-voltage vectors
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Fig. 6. DTC with zero voltage vectors

sources of problems in DTC. It is seen however, that the
ripples in torque and flux characteristics are considerably
lower when the eight voltage vectors in Table 2 are used.
This implies that Table 2 is more appropriate for high speed
operations [§8].

As mentioned from Equation (10), the torque is

proportional to the angle 3, which must be changed quickly.

Unlike the asynchronous motor where change of slip
frequency is brought about by applying zero voltage
vectors, the angle & in the case of PMSM is determined
also by the position of the rotor flux linkage which is non
zero at all times. To control torque at low speed, quick
change of & can be obtained by avoiding the zero voltage
vectors and by applying vectors that move the stator flux
relative to rotor flux as quickly as possible. At high speed,
this may not be necessary where the rotor moves
sufficiently to produce the required change in torque. The
conventional eight voltage vector switching table is
normally used in the DTC of induction motors and does
not seem to regulate the torque and stator flux in PMSM
drives well when the motor operates at low speed.

To overcome the previously mentioned difficulties, an
algorithm is proposed in Table 3 that consists in
combination of advantages of the two classic tables

simultaneously and has the benefit of conceptual simplicity.

Fig. 7 shows the control structure for selecting the voltage
vectors and keeping torque and flux linkage within pre-
selected hysteresis bands.

Table 3. Switching table with three level controller

Z=1|7=2]z=3[z=4 | z=5] z=6
Re=1 R=1( DO Vo [ Vs vail Vvs [ Vel Vv,
RE) R=0 Vi [ Vol Vo | Vo | V7| Vg
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Fig. 7. Torque and flux hysteresis controllers
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The hysteresis band has to be set large enough to limit
the inverter switching frequency below a certain level. The
amplitude of the hysteresis band strongly influences the
inverter performance such as torque and flux ripples,
current harmonics, and switching frequency. Modelling
results for similar operating conditions with a three level
torque hysteresis controller is depicted in Fig.8.

The switching frequency variation characteristic of the
flux hysteresis controller is different from that of the torque
hysteresis controller. As presented in Fig. 9 the switching
frequency has a maximum value in a medium speed range.
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Fig. 9. Switching frequencies of torque and flux versus
speed. a)AC= A$=0.01 b) AC= A$p=0.025 c) AC=
A9=0.1.
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For the flux controller, the switching frequency is
proportional to the motor speed. This phenomenon causes
flux and torque controllers to have different contributions
to the total switching frequency. It means that the
amplitude of flux and torque hysteresis controllers should
be regulated separately for effective utilization of given
total switching frequency controller command.

The commutation number and stator flux regulator
switching frequency are given respectively by [11] and [12],

g P

N, =0.6. v (16)
_ 6'¢f¢/’ f¢s

£ = 10.A¢ a7

Fig. 10 shows that a reduced switching frequency is
obtained by increasing the size of the flux hysteresis band.
The switching frequency is related linearly to the size
window. For low speed, the application of the two zero
voltage vectors is dominant and implies a reduced torque
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variation. This may be achieved at a lower switching
frequency of the inverter.

For the high speeds range, the six non-zero voltage
vectors are frequently applied, which causes a lower
variation of torque with reduced switching frequency when
the motor speed is increased. For medium speeds, high
switching frequency is achieved with decreasing the torque
size window as it is shown in Fig. 11.

The inverter switching frequency can be approximately
derived from the flux and torque regulator frequencies,

(18)

Fig. 12 illustrates the total inverter switching frequency
which has maximum value in a medium speed range while
switching frequency of the flux controller is proportional to
the rotating speed [6], [10].

5. Effect of the stator resistance variation

The stator resistance Rs varies mainly due to the change
of temperature which, in turn depends on such factors as
duty cycle, load, ambient conditions, and speed. Some of
these factors are unpredictable. There is also some change
due to skin effect which depends on input frequency. The
effect of the variation of stator resistance leads to large
variation in estimated stator flux linkage. In DTC, the
stator flux is estimated using Equation (19), when ®s, Vs
and Is represent the stator flux linkage, voltage, and current
vectors respectively.

¢, = [V, R.1)dt (19)

The variation of Rs may introduce significant errors in
the calculation of stator flux and thereby the overall
performance of the DTC system. At low speeds, the back
electromotive force term is small and the resistive drop is
comparable with the supply voltage magnitude. Any
change in stator resistance gives erroneous estimation of



474 Problems of Stator Flux Estimation in DTC of PMSM Drives

0.2<.1<0.3._ Rs=1.8*Rs
0.3} Rs=0.5*Rs

095

0.9

os

0.85

0.8

0.75

0.2 0.24 028 (sec) 0.32 0.36 0.4

Fig. 13. Effect of stator resistance variation

stator flux and consequently of the electromagnetic torque.
An error in the angular position of the stator flux linkage
position is also important as it can cause the controller to
select an incorrect switching state. Simulation studies
indicate that the drive system becomes unstable if the stator
resistance value used in the controller is higher than that of
the machine actual resistance. Fig. 13 shows that the stator
flux linkage exhibits undesired oscillation when Rs is
increased. So a mismatch between nominal and actual
resistance value can create instability. At high speeds, the
stator resistance drop is small compared to the back emf
and hence can be neglected [11, 12].

The stator resistance changes due to temperature
variations with a large extent and to stator frequency
variation with a smaller degree. Such changes deteriorate
the drive performance by introducing errors in the
estimated magnitude and position of the flux linkage vector.
This in turn affects the estimation of the torque,
particularly at low speeds [9, 13].

In reality, the stator resistance does not change in step
manner. So, the instability result under a step change is not
so practical. In actual operating conditions, the rate of
change of temperature is very slow and so the stator
resistance changes in an unpredictable manner.

6. Effect of the offsets in measurement

The source of offset in measurement is the thermal offset
of analog integrators used in signal processing. Offset also
arises from DC components that result after a transient
change. In reality, the offset is unpredictable and changes
with temperature. It may introduce unacceptable drift in the
stator flux estimation and then cause an error in torque
estimation, so the drive system may become unstable.

The offset error is non-periodical and unidirectional and
examined by extensive simulation studies. Fig. 14 indicates
the modelling results when offset error is artificially
introduced in direct current component. It is seen that the
accumulation of the offset error in the current causes the
torque oscillation to increase and the stator flux to drift
from its origin. The compensation for this drift is possible
with a programmable cascaded low pass filter.
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Fig. 14. Effect of the offset in current measurement
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Fig. 15. Effect of the offset in DC voltage measurement

¢zx.actual = ¢a - % 'Rs N J‘] a 'dt (2 0)
Bpaonas =95 —-R- [(1, 1)t @1

Offsets in measurement of the DC-link voltage and
phase currents are inevitable. They are due to the sensors
and the signal conditioning circuits used. The centred circle
shows the stator flux linkage when the actual DC link
voltage is the nominal value. The inner circle in Fig. 15
depicts the flux linkage when E= 0.9*En and the larger
circle represents ®s when E=1.2*En.

V, = [E(E+AE)(S, +as, +d>5,) (22)

7. Effect of the initial flux vector estimation

One of the attractive features of the DTC is that the
requirement for the continuous rotor position is eliminated.
Only the initial rotor position is needed. Error in the initial
flux value is not a significant factor since its effect is only
seen when the motor is first started. The integration process
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Table 4. Estimation of the initial flux vector

Flux magnitude Convergence intervals
0.5. dper -15°to 138°
0.8. brer -28°to 177°
Dret -17° to 165°
1.2. drer -16°to 115°
1.5. dper -11° to 100°
12

100° 150R\

Opinitial / p

“hese

BNAAR
/

)

15 _284 17

.164__11j

02 04 06 08 1 12

088 08 04 02 0
¢ainilial
Fig. 16. Upper and lower limits of the initial flux
estimation with convergence intervals

in (19), which runs continuously, requires knowledge of the
initial stator flux position at start [8, 9].

At start, the stator current is assumed to be zero, so that
the flux linkage due to rotor only must be known at the
starting condition. Some experimental and modelling
studies found that initial flux has to be known only
approximately and the error in initial position affects the
initial starting transient of the drives [13, 14]. This
dithering is unacceptable in some applications such as
electric propulsion and high performance servo-systems.

Table 4 and Fig. 16 illustrate the convergence range for
the initial flux position. The initial flux position is
identified with sufficient accuracy for various levels of the
flux magnitude.

In order to evaluate the effects of initial flux vector limit,
the outputs are shown together for comparison in Fig. 17
and Fig. 18. It is seen that in the steady state, the fluxes’
evolution are exactly the same and the only difference is in
the initial transient period.

The flux linkage of Fig. 17, Fig. 18, and 19 are plotted in
stator af plane. It is seen that the actual trajectory
overlapped on the desired trajectory. In all cases, the
improved results lead to stable operating conditions with the
same value of both amplitude and frequency of the flux
components. It should be noted that, considering 6s=-17° for
the flux magnitude of ®s= @ref, small deviations of the flux
trajectories are present and no appreciable differences are
observed in the performance of the two flux components.
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Since the basic DTC principle is to rotate the flux
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linkage forward if the torque must be increased, and
reverse if the torque must be decreased, the stability is not
guaranteed with the change of stator resistance, large
offsets in measurements, and initial flux position error.

8. Conclusion

This paper investigates some of the major problems
associated with the DTC of PMSM drives, the offset error
in measurement, the stator resistance change, and initial
flux value in estimating stator flux linkage and torque for a
DTC control.

It is seen that the DTC algorithm is capable of working
from low speed to high speed and exhibits very good
dynamic and steady state performance. However, the offset
error may deteriorate the performance by introducing error
in the estimated flux linkage and in turn cause the torque of
amotor to oscillate at the stator electrical frequency.

The offsets are DC signals in nature and their
magnitudes also depend on temperature. The integration
process in the equation of stator flux estimation will
integrate these errors and they will grow to large values
leading to instability.

The use of a switching table with zero voltage vectors
revealed loss of control, which could not be attributed to
factors such as offsets in measurement and variation of
stator resistance, which are known sources of problems for
the DTC. The eight voltage vector switching table is found
to be preferable for high speed operating conditions with
lower torque and stator flux ripples. The main advantages
of the combined structure are,

e Stable and efficient structure.

¢ Improvement of torque ripple characteristic in a large
speed range.

 Fast response and robustness merits entirely preserved.

APPENDIX - RATED DATA OF THE PMSM

Rated values

Frequency 50Hz
Voltage (A/Y) 220V
Speed 1500 rpm
Torque 3 N.m

Pole pair (#,) 2
Rated parameters

of 0314 Wb
Ly 0.0349 H

L, 0.0627 H

J 0.003  kgm®
f 0.00008 N.m.s
Rs 1.4 Q2
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