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Abstract: The paper deals with the modelling of the synchronous motor with exciting and
damper windings and its vector control system based on the stator-field orientation and
working with capacitive, i.e. leading stator current at imposed power factor with controlled
angular speed and controlled stator flux. There are presented simulation results for
starting and speed reversing and also aspects regarding practical implementation using
dSPACE DS1104 controller card.

1 Introduction

The applications of AC drives cannot dispense the synchronous machines, not
only for energy saving purposes, but also for their high control performance. The
first paper with the field-oriented control of the excited synchronous motor was
published in 1971 [1]. Since the power factor control implies the stator quantities,
in the most cases the stator flux is used for orientation [2], [3]. If the longitudinal
reaction is cancelled in control schemes with orientation according to the air-gap
flux, the motor will operate with less-inductive stator current [1], [4], [5].

The exciting-field-oriented, i.e. the rotor-oriented synchronous machine (based on
Park’s equations) is analogue to a non-compensated DC motor. It is suitable for
the simulation of the machine, but the control of the power factor can be realized
only approximately. The rigorous control of the power factor may be made with
the resultant stator field-orientation, which is corresponding to a compensated DC
motor [5], [6], [7].

The combination between the type of the static frequency converter (SFC)
including the PWM procedure, the orientation field (stator, air-gap, rotor or
exciting flux) and its identification method determine the structure of the vector
control system [8]. In high power drives instead cyclo-converters may be used
hybrid DC-link SFCs realized with current-source inverter (CSI) and a voltage-
source one (VSI) for active filtering of the currents [9], [10].
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2 Mathematical Model of the Synchronous Motors

The armature windings of the synchronous machine usually are similar to the
induction motor ones. In salient pole machines the magnetic circuit geometry is
depending on the rotor position. There are two axes of symmetry: the longitudinal
(dO) direct axis, oriented in the magnetizing direction of the rotor and the
quadrature (q0) axis, which has an inter-polar position [5].

Based on the general equations the mathematical model as state equations of the
excited synchronous motor with damping circuits may be written as follows:
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The exciting and damper windings will be referred to the armature number of
turns and number of phases: in the armature there are three ones, contrary to the
single-phase exciting winding; the proper two-phases of the damping bars are also
transformed into another two-phase equivalent one, corresponding to a fictitious
three-phase winding, like that of the stator [5]. Only in such a conditions the
output current variables, which are depending on the flux state variables, may be
expressed by the following equations, according the longitudinal rotor dO axis:
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and according the rotor quadrature q0 axis:
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If is defined the following expression
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the sub-transient inductivities for the longitudinal windings can be written as:
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The sub-transient inductivities of the quadrature axis are:
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In the above expressions the inductivities are including also the leakage fluxes
Lsd = Lo‘s + Lmd = Lmd (1 + O )’
qu = Lo’s + Lmq = Lmd (1 + O-sq )’ (8)
Le :Lae +Lmd = Lmd (1+6e);
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and also for the damping bars:
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The integration of the state equation is made directly from the derivatives of the
angular speed and fluxes, then the currents are computed from the fluxes and the
electro-magnetic torque from the armature current. On the other hand the motor
currents and the motor torque are input variables of the state equation system (1).

3 Principle of the Stator-Field Orientation

The stator-field orientation assures the most suitable procedure for the control of
the power factor and the resultant stator flux. The power factor is maximum, when
the stator voltage and stator current are in phase, as is shown in Fig. 1.
Consequently, the stator-flux vector ¥ results perpendicular onto the current
space phasors i, » ;. each corresponding to another load torque.
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Figure 1
Stator-field-oriented space-phasor diagram of the synchronous motor with adjustable exciting field and
controlled stator flux operating at unity power factor for three different values of the load torque

In order to achieve the unity power factor the top of the stator resultant flux ¥
must be situated on the semi-circle, which diameter is the space phasor of the
exciting flux ¥,.. given by the exciting current in the air gap. This statement
results from the stator-voltage equation, written with space phasors, if the
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derivative of this flux (it is controlled or the machine is in steady state) is zero. In
rotor-oriented diagram, if the top of ¥ is inside the circle, the synchronous motor
will operate with capacitive current [5].

The diagram from Fig. 1 also shows, that not only the stator voltage, but also the
exciting current must be adjusted according to the load torque in order to keep
constant both the resultant stator field (i, the corresponding magnetizing current,
too) and the power factor at unity value.

4  Stator-Field-orientated Vector-Control System

In Figure 2 is presented the structure of the stator-field-oriented control system.
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Figure 2
Vector control system of the adjustable excited synchronous motor fed by a static frequency converter
with current feedback PWM and stator-field orientation, operating with leading stator current with

controlled stator flux and imposed power factor

The SFC will command the frequency and the amplitude of the armature voltage
and the phase-controlled rectifier the exciting current. It means that in the control
system it is possible to impose three quantities, one mechanical (active) and two
ones with magnetical (reactive) character. One of them is the module ¥, of the
resultant stator flux space phasor and the other the power factor cose.
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In the control structure there may be distinguished the three control loops with
reference values, but only two controllers (for the stator flux and angular speed of
the rotor), because the power factor is not controlled by a proper controller, it is
commanded simply by imposing its value.

The two stator-field-oriented components of the stator current are [5]:

isdlx=—i5~1/1—cosz¢ and _Me (10)
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The field component iy, is depending on the power factor and it is negative for a
capacitive leading current. For the maximum power factor, i.e. the unity value, the
reactive current component results zero and consequently the active component
will be equal to i; the module of the stator-current space phasor. Based on the first
equation (10) Fig. 3 shows the computation of the capacitive stator-current
reactive component.
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Figure 3

Reactive component computation of a capacitive (leading) stator current for an imposed power factor

The active component i, i.e. the torque producing one, is depending on the
motor torque and the resultant stator-flux ¥, according to expression (10).

In the scheme from Fig. 2 the torque is indirectly controlled (without controller) in
cascade with the speed. The control variable of the active current component i
is generated from the torque reference value m.*?, by dividing it with the module
of the resultant stator field, according to the second expression (10).

The control variables of the natural three-phase stator current are computed by
means of matrix operator [DA(A,)]" a reverse Park transformation, which is given
by expression (11) and it combines a co-ordinate- (CooT) and a phase-
transformation (PhT) of the field-oriented components. The Park transformation is
especially characteristic for the synchronous machine. It appears also in the
simulation structure for interfacing the three-phase SFC with the two-phase motor
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model [11], [12], but there it needs as input variable 8 the rotor position, instead of
the stator-flux position A, from the following expression [5]:

cos A, sin A,

[DA)]" = cos(ﬂ,s —2?”) sin(ﬂ,s —27”) (1n

cos(/”ts + 2—”] sin(/ls + 2—”]

The exciting current, like the armature one, has an active i, and a reactive iz
component [5]. They can be calculated based on the flux expressions divided by
the three-phase useful inductances, according to the following expressions:
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where the stator-flux based magnetizing current is a derived control variable. It is
defined by expression:

_¥, (13)
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and it is proportional with ¥, having the same direction.

Fig. 4 shows block I.C for the computing of the exciting current from its stator-
field-oriented components.

MODULE |———»

Figure 4

Exciting current computation based on the stator-field-oriented current model
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The reactive exciting-current component is resulting from the reactive quantities
it and i4;,"Y. The active one is proprtional to iWSR"f [5]. The exciting circuit
supply voltage u, results from the exciting current controller, as is shown in Fig. 2.

The stator flux is identified in block C¥; based on the integration of the stator
voltage equation in natural two-phase coordinates, which needs the sensing of the
three-phase stator current and voltage, like in the case of an induction motor [13].

Because the orientation flux is identified without the rotor-oriented Park equations
and the control is made with a field-oriented structure, the measurement of the
rotor position is not required [5].

5 Simulation Results

For validation of the proposed control structure, computer simulation was
performed, using MATLAB/Simulink dynamic simulation environment for a
salient-pole synchronous motor with damper windings. The motor rated data are:
Un =380V, Iy=152 A, Py= 800 W, f,=50 Hz, ny = 1500 [rpm], cosp= 0.8
(capacitive). Its parameters were identified in [12].

The simulation was made for the starting process and then a speed reversal of the
loaded motor at capacitive power factor cosg™? = 0.8, with the armature resultant
flux reference value at ¥, = 0.946 Wb and the rotor electrical angular speed ™/
= 314 rad/s at rated value [12]. The obtained results are show in following figures.
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Figure 5

The electrical angular speed w of the rotor, the motor m. electromagnetic torque and m; the load torque

versus time
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In Figs. 5 and 6 it can be observed an adequate response of the control system.
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Figure 6
The mechanical characteristics of the load and motor under dynamic operation corresponding to Fig. 5

The reference value of the stator-field-oriented longitudinal armature reaction (s,
i.e. the direct component of the armature current) is imposed with negative sign in
order to determine a capacitive armature current [12].

In Fig. 7 a sudden variation of the exciting current can be observed during the
starting, that may be caused by the exciting current control loop, which is very fast
and the flux achieves rapidly its imposed reference value, consequently it
determines a high acceleration of the motor [12].
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Figure 7
The exciting current versus time
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In Figs. 8 and 9 it can be observed the increase of the frequency at the motor
starting and then, near moment 1s, change of the sequence when the speed
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reversing is realized.
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J)

a) Space-phasor diagram of the armature curents b) Space-phasor diagram of the orientation flux

Figure 10
Space-phasor diagrams corresponding to currents and fluxes from Figs. 8 and 9

Conclusions

The synchronous machine with salient poles, exciting- and damper windings gives
the most general mathematical model, from which particular models for AC
machines can be derived, including also the induction motor, too.

An experimental rig was developed for controlled AC-drives, based on the
dSPACE DS1104 controller card, which uses the Matlab/Simulink environment to
build the implementation structure. From the Simulink structure a code is
automatically generated and loaded directly to the target computing platform.

It is not necessary to know the position of the rotor, because the self-commutation
is made according to the resultant stator field, like in the case of the induction
motor drives. The stator-field-orientation may be applied also for vector controlled
synchronous generators improving its dynamic behaviour [5], [14], [15].
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