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Abstract The electrically excited synchronous motor
(ESM) has typically small synchronous inductance values
and quite low transient values because of the damper wind-
ings mounted on the rotor. Therefore, the torque and stator
flux linkage ripples are high in the direct torque control (DTC)
drive of the ESM with a torque and flux linkage hysteresis
controller (basic DTC). A DTC scheme with space vector
modulation (SVM) for the ESM was investigated in this
paper. It is based on the compensation of the stator flux link-
age vector error using the space vector modulation in order to
decrease the torque and flux linkage ripples and produce fixed
switching frequency under the principle that the torque is
controlled by the torque angle in the ESM. Compared with the
basic DTC, the results of the simulation and experiment show
that the torque and flux linkage ripples are reduced, the max-
imum current value is decreased during the startup, and the
current distortion is much smaller in the steady-state under
the SVM-DTC. The field-weakening control is incorporated
with the SVM-DTC successfully.

Keywords synchronous machines, electrically excited
synchronous motor, direct torque control, space vector
modulation, field weakening

1 Introduction

In the late 1990s, the techniques of the direct torque control
(DTC) for the permanent synchronous motor (PMSM) were
presented by Rahman and Hu [1], and the DTC theories for
the electrically excited synchronous motor (ESM) were stud-
ied partly by Finnish researchers in about 1998 [2,3]. When
compared with the asynchronous motor (AM), the inductance
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value of the ESM is small, and the dynamic inductance value
is even lower in the ESM due to the damper windings in the
rotor. The ripples in the torque and stator flux linkage may be
high, and the stability of the drive system may be affected if
the basic DTC with stator flux linkage and torque hysteresis
controllers is applied into the ESM. In order to decrease
these ripples, a number of feasible methods were investigated
for AM and PMSM drives. Recently, many researchers have
been making efforts on the DTC scheme with SVM. For
example, in Ref. [4], a flux linkage closed SVM-DTC control
scheme for AM was presented, in which the stator and rotor
flux linkage were estimated under the knowledge of motor
inductance parameters and the rotation coordinate conver-
sion. The papers [5—7] investigated a torque closed SVM-
DTC scheme based on the one-step anticipation for stator flux
linkage vector and the idea that the torque can be controlled
with the torque angle. In Ref. [8], a torque and stator flux
linkage closed SVM-DTC scheme was presented in a Clark
frame based on stator flux linkage orientation, but the rotation
frame conversion was demanded. Reference [9] presented a
mathematical model based SVM-DTC control scheme, but a
quadrature equation should have been resolved. Many other
SVM-DTC schemes were also studied in Refs. [10-14]. From
the above reviews, although many SVM-DTC schemes were
investigated intensively for AM and PMSM, the SVM-DTC
scheme for the ESM has not been fully presented.

Many ESMs are being used in different industries because
of their advantages such as good dynamic performance,
adjustable power fact, and high efficiency. Thus, it is very
valuable to research the ESM SVM-DTC. Although the ESM
and the PMSM are all SMs, the excited winding and damper
windings mounted on the ESM rotor make the ESM torque
control principle different from that of the PMSM. Therefore,
it is very necessary to research the ESM SVM-DTC.

After defining the new torque angle, this paper displays a
modified SVM-DTC scheme for the ESM based on the prin-
ciple that the torque is controlled by the torque angle in order
to decrease the ripples of torque and stator flux linkage. The
weakening field method is incorporated into the modified
SVM-DTC, and the working range of speed is increased.
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2 Torque and stator flux linkage control
principle in SVM-DTC

The whole mathematical model of torque for the ESM with
field winding and damper windings was investigated in Ref.
[15], which expressly shows that the electric magnetic torque
is comprised of the main torque 7, which is produced by the
multi-effect between the field winding flux linkage and the
stator winding flux linkage, and the adjective torque 7,
which is generated by the multi-effect between the damper
winding flux linkage and stator winding flux linkage. 7., and
T, are expressed as

_ 3po,
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where 0 is the angle between the stator flux linkage vector
and the rotor d-axis, p is the pole pairs, ¢, is the modulus of
the stator flux linkage, i, i, and i, are the rotor field current,
the d-axis and g-axis damper winding current respecti-
vely, M, M, and M, are the multi-inductance between the
stator winding and rotor field winding, the d-axis and g-axis
damper winding, respectively, L, and L, are stator d-axis and
g-axis inductance, respectively.

If we define the angle between the stator flux linkage
vector and the air gap flux linkage, e.g. 0 as the torque angle,
the whole torque produced by the multi-effect among the
field magnet, the damper winding magnet and the stator
winding magnet is the cross product of the air gap flux link-
age and the stator flux linkage
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where ¢, and ¢ represent the stator and the air gap flux linkage
vector, respectively, and L, is the stator leakage inductance.
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Fig. 1 The control principle for the torque and the stator flux linkage
(a) Torque control; (b) the flux linkage vector envelope curves

It has been verified that the air gap flux linkage time con-
stant is larger than 10ms due to the damping effect of the
damper winding. The time constant is even larger than the
system sampling period, and thus the space position of the air
gap flux linkage vector in the d-g rotation frame is almost not
changed in dynamic state. Thus, the electric magnetic torque
can be controlled by the torque angle 0 using the stator flux
linkage vector rotation.

Figure 1(a) shows the torque control diagram in the SVM-
DTC system, neglecting the stator winding resistance and
assuming that the stator flux linkage vector is ¢, when the kth
sampling period is over. The control reference stator flux
linkage vector ¢, is anticipated with torque error, e.g. (T, —
T,) and the given stator flux linkage modulus ¢;. The stator
flux linkage error vector Ag,, can be calculated from ¢, , and
the actual stator flux linkage vector ¢ . The V;, V, and ¥V
voltage vector keep working with 7', T, and T, (T, = T,—
T, —T,), respectively, in order to cancel the stator flux linkage
error vector Ag,,. Thus, the torque and stator flux linkage vec-
tor are controlled accurately and quickly. Figure 1(b) shows
the stator flux linkage vector envelope curves of the basic
DTC and SVM-DTC. The ripples of the stator flux linkage
and the torque in the basic DTC is large because the system
adopts the flux linkage and the torque hysteresis controllers
while only one voltage vector is selected during each sam-
pling period. However, the ripples of the stator flux linkage
and the torque is low in the SVM-DTC system as a result that
this system can output many voltage vectors in one sampling
period by means of the SVM technique, and consequently the
stator flux linkage modulus can be controlled accurately.

3 Modeling results

The motor parameters used in the simulation are shown in
Table 1. Two Matlab/Simulink models were developed to
examine the different control algorithms. One is for the basic
DTC ESM system and another for the SVM-DTC ESM
system. In the simulation, the sampling interval is 100 ps for
the two systems. Figure 2 is the SVM-DTC system diagram.
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Fig.2 System diagram of the SVM-DTC

Table 1 Date of motor

Nominal power 300 W
Nominal voltage 220V
Nominal speed 1 500 r/min

Pole pairs 2

d-axis inductance 0.9247 H
g-axis inductance 0.604 H
Multi-inductance of stator and rotor 045 H
Stator resistance 133 Q
Rotor resistance 9.8 Q
Stator leakage inductance 0.1 H
Rotor excited winding self inductance 0.4324 H
Self inductance of d-axis damper winding 0.00356 H
Resistance of d-axis damper winding 0.151 Q
Multi-inductance of d-axis damper winding and 0.028308 H
excited winding
Multi-inductance of d-axis damper winding and 0.04236 H
stator winding
Self inductance of g-axis damper winding 0.0032 H
Resistance of g-axis damper winding 0.14 Q
Multi-inductance of g-axis damper winding and 0.031222 H

stator winding

The field current is controlled by using a buck conversion.
The output variable of the torque PI controller is the stator
flux linkage vector rotational angle A6.

In this paper, zero voltage vector FV; is inserted in the
middle of every sampling period, and the two active voltage
vectors V', V, are output at the beginning and the end of every
sampling period symmetrically.

Figure 3 shows the steady-state current of two systems
with 0.5 N-m load. From the results shown in Fig. 3, it is
seen that the current waveform in the SVM-DTC is much
smoother than that of the basic DTC.

Figure 4 shows the steady-state torque and stator flux link-
age of the two systems at the nominal speed with 0.5 N-m
load and nominal stator flux linkage 0.61 Wb. The ripples
of the torque and the stator flux linkage are +0.5 N-m and
+0.03 Wb, respectively, under the basic DTC drive. However,
the ripples under the SVM DTC are only —0.1 —0.15 N-m
and 0.005 Wb, respectively. Therefore, the developed torque
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Fig. 3 Simulation waveforms of phase current at 1 500 r-min™
with 0.5 N-m load
(a) Basic DTC; (b) SVM-DTC

and the stator flux linkage of the SVM-DTC possess fewer
ripples than those of the basic DTC.

In Fig. 5, comparisons are made between the torque
dynamic performances of the two algorithms. It is seen that
the response time of the SVM-DTC drive is almost the same
as that of the basic DTC drive.

From the results shown in Figs. 3 and 4, it is seen that the
steady-state performance of the SVM-DTC is much better
than that of the basic DTC. For dynamic performance, the
SVM-DTC is almost as good as the basic DTC.

4 Experimental results

The motor parameters used in the experiment are shown
in Table 1. The sampling period is 100 us in the basic DTC
and the SVM-DTC. The diagram of the SVM-DTC with
sensorless technique is shown in Fig. 2.
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Fig. 4 Simulation waveforms of torque and stator flux linkage at 1 500 r/min with 0.5 N-m load
(a) Basic DTC; (b) SVM-DTC

~

Torque

[ Torque

7./(N'm)

0.016  0.017 0.018

/s
(a)

| Torque Torque
referen{e\ i response

4 . .
0.014 0.015

To/(N‘m)

0.016 0.018
t's

(b)

0.017

-4
0.014

0.015

Fig. 5 Simulation waveforms of the torque step response
(a) Basic DTC; (b) SVM-DTC

The steady-state phase currents of the two DTC schemes
are shown in Fig. 6. The current waveform of the SVM-DTC
is smoother than that of the basic DTC.

The steady-state torque and the stator flux linkage wave-
forms of the two schemes at nominal speed with no load
are shown in Fig. 7. The ripples of the torque and the stator
flux linkage of the basic DTC are +1 N-m and +0.025 Wb,
respectively. However, the ripples of the SVM-DTC are only
4+0.5 N-m and +0.005 Wb.

In Fig. 8, the steady-state torque and the stator flux linkage
waveforms at 200 r/min speed with no load are shown. From
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Fig. 6 Experimental waveforms of phase current at 1 500 r/min

with no load
(a) Basic DTC; (b) SVM-DTC

the results displayed in Fig. 8(a) and (b), we can discover that
the ripples of the torque and the stator flux linkage of the
SVM-DTC are all lower than those of the basic DTC. More-
over, at other speeds, similar conclusions can be obtained.

The start-up torque and current responses with no load
and limited 3 N-m are shown in Fig. 9. The ripple of the
torque and the maximal value of current in the basic DTC
are +1.6N-m and 3.2 A, respectively. However, these
values are only +0.8 N-m and 2.2 A, respectively, in the
SVM-DTC. From the above experimental results, we can see
that the start-up current is much decreased and the start-up
operation is very smooth in the SVM-DTC drive due to the
exact control of the torque and the stator flux linkage.
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Fig. 7 Experimental waveforms of torque and stator flux linkage
at 1 500 r-min~' with no load
(a) Basic DTC; (b) SVM-DTC
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Fig. 8 Experimental waveforms of the torque and the stator flux
linkage at 200 r/min with no load
(a) Basic DTC; (b) SVM-DTC

In Fig. 10, the torque dynamic responses of the two DTC
schemes from —3 to +3 N-m are researched. The torque
response time of the SVM-DTC drive is almost the same
as that of the basic DTC drive, which is the same with the
simulation.

From the above experimental results, it is seen that the
ripples of the torque and the stator flux linkage in the basic
DTC are all fewer than those in the SVM-DTC, and the
start-up maximal value of the current in the SVM-DTC is
much more decreased compared with that in the basic DTC.

5 Field weakening

The field weakening control is included in the SVM-DTC
to increase the range of speed. Here, the speed is limited
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Fig.9 Experimental waveforms of the torque and the phase
current during the startup from standstill with no load
(a) Basic DTC; (b) SVM-DTC

to 2 000 r/min due to the limited maximum speed of the
motor.

The rotor excited current control scheme with unit inner
power fact is applied below the nominal speed in order to
reduce the loss of rotor resistance, while the rotor field current
control scheme with unit outer power fact used over the
nominal speed to increase the load ability in the weakening
range. According to the DTC control features, the relationship
between the rotor field current, the torque, and the stator flux
linkage modulus under the condition of unit outer power fact
is given as

2
T
. 8
i = - 4
. (2L
3pM 4, |Bpy,)” + T
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Fig. 10 Experimental waveforms of the torque step response
(a) Basic DTC; (b) SVM-DTC
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Fig. 11 Field weakening operation

The given value of the rotor field current i{ can be calcu-
lated from Eq. (4) when the given stator flux linkage ¢; and
the given torque T, are substituted in Eq. (4).

The experimental waveforms of weakening operation
are shown in Fig. 11. The rotor speed begins increasing from

point #, at 750 r/min. The speed is 1 500 r/min at point ¢, and
the stator flux linkage begins reducing from 0.61 Wb as well
as the torque with 3 N-m from this point. The rotor field
current increases from 3 to 3.5 A at point ¢,, from which the
motor begins working in the weakening range. At point ,,
the speed is 2 000 r/min and the stator flux linkage is reduced
to 0.45 Wb. The weakening operation is included in the SVM-
DTC scheme well and the ESM works smoothly from the
above experimental waveforms.

6 Conclusions

The SVM-DTC scheme also has advantages of the basic
DTC, such as no rotation coordinate conversion and insensi-
tiveness to motor parameter changes due to the only require-
ment of the stator resistance.

The SVM-DTC scheme substitutes the torque and the
stator flux linkage hysteresis controllers of the basic DTC
with the torque PI controller and one-step anticipation scheme
of the stator flux linkage vector. Therefore, the ripples of the
torque and the stator flux linkage are all reduced to a large
degree.

The torque response time of the SVM-DTC drive is almost
the same as that of the basic DTC.

The rotor field weakening scheme is still applied in the
SVM-DTC drive, and the weakening operation is smoother
and steadier.
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