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PARTICULARITIES OF ROTOR FIELD ORIENTATION CONTROL
IMPLEMENTATION ON INDUSTRIAL DSP SYSTEMS
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The aim of this paper is the experimental implementation and validation of field-oriented control for asynchronous machine
traction systems, on the one hand, with a special interest in the motor flux estimator and the implementation intricacies specific
to the DSP implementation of discrete control systems, on the other hand. The implementation was done on a prototyping
dSPACE DS1103 control system for an experimental S0 kW induction motor experimental stand. The prototyping system
programming was done in the MATLAB/Simulink environment. Given that the control algorithm is intended to be used in an
industrial system, the control model must be suitable to be converted into production code. Therefore, the study aims to
overcome the limitations of industrial DSP systems for rotor field-oriented drive systems with induction motors.

1. INTRODUCTION

The traction systems with induction motors have some
properties typical of ordinary drive systems, such as high
power and the ability to function at the traction motor’s
rated speed. Above the motor-rated speed, the developed
electromagnetic torque is diminished, given the motor’s
maximum power; therefore, the traction system mechanical
load is low, but the vehicle can reach high running speed.
At the same time, the motor flux must be diminished to
avoid the motor saturation. This leads to a demanding
regime for the traction motor and a specific demanding
regime for the control system.

This is because the rotor field orientation control can
only be physically implemented on high computation power
DSP systems, given the complexity of the control algorithm
to be executed in real-time and the acquisition of several
instantaneous electrical signals [1].

From the control algorithm, some computations are
sensitive to computing errors, such as the motor flux
estimator. Suppose the computing errors are high due to the
limitation of the adopted computing method. In that case,
the estimated flux deviates from the actual value, and the
control system has difficulties regulating quantities that do
not follow reality.

It was observed that the estimated flux tends to increase
because of computing errors. Consequently, the flux
controller, whose output is the d-axis current, reduces its
output to regulate the flux. Because the higher the speeds,
the higher the errors, for a given time step, at some speed
value, the flux controller output reaches the lower limit, it
saturates, and the system loses the orientation.

This paper analyzes the flux estimation applicable to
real-time implementation. The flux estimator was
implemented within the rotor field orientation control
algorithm for a dSPACE DS1103 prototyping board in the
Matlab Simulink environment. The control system was
applied to a 50 kW experimental traction stand. The
purpose of the study is to export the algorithm to an
industrial application (railway vehicle).

2. ROTOR FIELD ORIENTED CONTROL

Field orientation control is a suitable control method for
drive systems with induction motors and voltage inverters
designed for traction applications [2—6]. In addition to the
necessary control loops, an important matter is estimating
the motor flux from the available measurable quantities [3—

5].

The literature contains different techniques, and among
the methods investigated by the authors [4], the motor flux
estimation based on the stator currents and rotor speed was
considered for implementation on a scale experimental
electric traction stand and is considered “transducer
friendly.”

The field-oriented control inputs are the imposed motor
current projections on the d-q referential (synchronized to
the rotor), which is the magnetizing current on the d-axis
and the active current on the g-axis. Two controllers impose
the motor currents: i4 is given by the motor flux controller,
and iq is typically imposed by the speed controller.

For the computation of the actual motor current
projection on the d-q axes, the rotor angle ( ) is necessary.
The rotor angle is obtained from the rotor flux, considering
its magnitude and projections, on the o and 3 axes [4][6]:
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where the rotor flux projection is [1,4]:
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Figure 1 illustrates the control algorithm. The Clarke and
Park transformations obtained the motor current projections
on the d-q referential (attached to the rotor). The three-
phase imposed currents were also obtained using reverse
Park and reverse Clarke transformations.

The flux estimator requires the integral of the o—f
projections of the motor flux, whose numeric
implementation is essential in real-time applications.
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3. PAPER TITLE

The Euler integration method is implemented using the
sample recurrence [7-9]:

Vierr =Y + Ts - f (e, Vi) (5)
where:
-yk - current sample;
-t« - current sample time;
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Fig. 1 — Control algorithm for flux estimation based on motor currents and rotor speed.

- yk+1 next computed sample;

- Ts sample period;

- fltk, yr) the variable derivative estimation function.

The estimation function of the variable derivative uses
the rectangle method; therefore, the computation error is
higher at relatively high sample periods [7,8].

4. HEUN INTEGRATION IMPLEMENTATION

The computation error is high when using the Euler
integration method in the flux estimator, leading to the
drive system's inability to reach the maximum speed range.

At the same time, because the field-oriented control
algorithm is intended to run on an industrial DSP, which
cannot work at sample times below 40 us, the field
estimator integrator computation error must be reduced.
The way to do this is by implementing a higher-order
integration method, and the first method to start with is the
second-order integration method, the Heun method.

To reduce the computation error, the Heun method uses
the trapezoidal method to estimate the integral [7,9-10]:

Yir1 = Vi t+ % [f (ts i) + [ (bres1s Vi) ]- (6)

The disadvantage of this method is the fact that the
derivative at the next step (f{tk+1, yk+1)) is not yet known.
Therefore, it is estimated based on the Euler method [7,9—
10]:

Y i1 = Y + Tsf (o Yie)- (7
This approximation is later used in (10) [7,9-10]:
Yier1 = Vi + % [f (to i) + f(tk+1'y*k+1)]' 3

5. FIELD ORIENTED CONTROL
IMPLEMENTATION FOR DS1103 PROTOTYPING
BOARD

The presented method for estimating the rotor flux had
been implemented for an experimental drive system stand
corresponding to a scaled-size electric locomotive traction
system. The rated parameters of the stand traction motor
are:

- Un=380V; n=88 A; Pn=50 kW;

- fN=65Hz; nn= 1917 rpm.

The traction motor mechanical load is a DC machine
used as a DC generator with a fixed resistive load, so the
resistive torque is obtained by tuning the field current.

The three-phase traction inverter is built with high-power
IGBTs corresponding to the full-size locomotive traction
system (PN = 1.5 MVA). The inverter is fed from a single-

phase PWM boost rectifier, allowing the system to recover
the braking power back to the power grid. The DC-Link
voltage is 700 V. Given the high power IGBTs used, the
switching frequency (imposed to the PWM modulators) is 1
kHz, although the power is low.

A dSPACE DS1103 prototyping board controls the
inverter. This gives the advantage of implementing the
control algorithm of the drive system in the
MATLAB/Simulink environment as a Simulink model
(Fig. 2). The model is grouped into several subsystems:

- Motor current and flux computation — this block
includes the flux estimator and the Clarke and Park
transformations for the motor current and flux;

- Rotor flux control — the rotor flux control loop with
proportional integrative controller;

- D-axis and g-axis current controllers — proportional
integrative controllers;

- Magnetizing current — block for estimation of the
magnetizing current, given the magnetizing
inductance, the motor current on the d-q referential
and imposed flux;

- Transf R-S — reverse Park and reverse Clarke
transformations;

- Speed controller — proportional integrative speed
controller with variable saturation limits;

- Torquelisq — block for conversion of the torque
limit to g-axis current limit, applied to the speed
controller.

- Simulink blocks from dSPACE Real-Time Interface
Library — blocks that represent the links between the
Simulink signals and the DS1103 hardware
resources (PWM modulator, analog to digital
converters, etc.) [11];

- General Simulink blocks are needed for the
experimental system's real-time control (imposed
values of speed and torque, validation signals, etc.).

The flux estimator model for the Euler integration
method is illustrated in Fig. 3, where it can be observed that
it uses the standard Simulink integrator block. Also, the
direct implementation of (3) and (4) was done. The solver
implements the numerical integration method — Odel
(Euler) [12].

The flux estimator model for the Heun integrators is
illustrated in Fig. 4. An important fact is that only the
integrators in the flux estimator must be 2" order (Heun).
The other integrators in the control model (the flux
controller, the d and q current controller, and the speed
controller) do not need special requirements and can be 1%
order (Euler).
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Fig. 2 — Experimental drive system control model for dSSPACE DS1103 prototyping board.

Of course, they can be implemented as 2™ order
integrators, but the Simulink control model for the DS1103
is intended to be transformed into C production code for an
industrial DSP. Therefore, second-order integrators require
more computing power, on the one hand, and the
production code is obtained by TargetLink, on the other
hand, so the numerical implementation of second-order
integrators cannot be implemented by the Simulink solver
[12,13]. Consequently, the flux estimator using 2" order
integration was implemented based on (7) and (8), not
using the Simulink integrator block — Fig. 4.

The motor flux estimator needs the acquisition of the
motor currents and the rotor speed, which are available to
the dSPACE board from the power inverter output current
transducers and the motor shaft incremental encoder,
respectively. The current transducer outputs applied to the
DS1103 analog inputs are available to the control model as
Simulink signals (given by the DS1103ADC blocks and

>

-l x

scaled according to the range of the current transducer and
the DS1103 board input range [11]).

The speed is obtained from an incremental encoder
mounted inside the motor case. As the encoder input block
(DST103ENC POS Cl1) gives the current position index,
the transformation to speed was necessary. As seen in
Fig. 2, a sliding window filter was implemented to reduce
the speed ripple due to the limited number of impulses per
revolution (giving a mediation of 8§ ms). A 200 Hz low pass
filter further filtered the speed. The speed controller is a
special proportional-integrative controller (its output (i.e.,
g-axis current) is dynamically limited to limit the motor-
generated torque).

The d- and g- axes current controllers are proportional-
integrative controllers with their outputs applied to the
DS1103 board PWM modulators (after the corresponding
transformations form d-q to abc referential).
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Fig. 3 — The flux estimator for Euler integrators.
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Fig. 4 — The flux estimator for the Heun integration method.

The sample time was chosen to 40 ps. This value was
imposed by the fact that the control algorithm must be
executable in real-time by industrial DSP systems with
fewer hardware resources than the DS1103 board.

The Simulink ODE solver method used to compute the
model states for model simulation is also used for DSP real-
time integrators. The more complex the solver, the more
time it needs for the computations, so the solver must be
chosen as simply as possible [12]. Odel solver was selected
for the model in Fig. 2 because for the conversion of the
control model to production code (with TargetLink), for
industrial DSP, only the Euler integration method can be
used for the implementation of integrators [13].

A virtual control panel built into the dSPACE application
software, ControlDesk NG (Fig. 5), assures real-time
control of the experimental system [14]. The virtual
instruments are linked to the Simulink control model block
parameters and signals; therefore, the signals can be read or
controlled using the block parameters [14—16]. It must be
noted that the analog meters do not perform any
measurement but display a Simulink signal value.

6. EXPERIMENTAL RESULTS

The drive system was tested by imposing the motor-rated
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and twice-rated speeds. To limit the power dissipation of
the DC generator resistive load (at higher speeds) and not
exceed the DC generator rated power (above the traction
motor rated speed), the field generator current was 5A at
first and later reduced to 3A. Above the rated speed, the
field current was decreased again to 1.5A.

A) EULER INTEGRATION METHOD

The speed control loop was validated after the motor was
magnetized, and the imposed speed linearly increased to the
rated speed of 1500 rpm — Fig. 6.

The measured speed increases towards the imposed speed
with little error when the electromagnetic torque is below the
80% limit (Fig. 5), and slower after the torque limit is
reached (Fig. 5, Fig. 6). When the generator field current is
reduced to 3A, the speed rapidly reaches the imposed value.
Finally, the speed is reduced to zero by regenerative braking
(iq has a negative component — Fig. 7). The results show that
the traction system works well.

An important conclusion relevant to this study is drawn
from the motor-calculated flux and the corresponding
current on the d-axis (Fig. 8, Fig. 9). Although the motor
flux is well regulated, the d-axis current necessary to obtain
this flux is not constant.
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Fig. 5 — ControlDesk NG virtual control panel of the experimental drive system for the Euler integrator in the flux estimator.
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Precisely, to maintain the flux to the imposed value, the
d-axis current decreases as the speed increases.

The d-axis current is also dependent on the load. Still, in
a lower proportion: for the imposed speed of 1500 rpm, the
necessary d-axis current to maintain the flux at 0.74 Wb is -
8.69 A, for the 3A generator field current, and -7.49A at no
load operation. This peculiar effect is given by the
computing errors produced by the odel integrators in the
motor flux estimator. Therefore, the estimated flux tends to
increase as the speed increases, so the d-axis current is
adjusted to regulate the flux.

The same experiment, for 20 us time sample, is detailed
in Fig. 10. The current evolution is slightly different
because the generator field current was set directly at 3A.
Still, the critical fact is that the imposed d-axis current
necessary to regulate the motor flux decreases less,
compared to the 40 us time step, and does not become
negative (13.16 A).

This means that the d-axis current does not follow the
mathematical model and the physical phenomenon because,
although the motor flux is constant, the d-axis current is
not.

The maximum speed that can be reached for a given time
sample depends on the necessary current value to keep the
motor flux at its imposed value. The system loses
orientation when the flux controller output (d-axis current)
reaches the lower limit of 61.2 A.

B) HEUN INTEGRATION METHOD

In the first place, it can be observed that the motor speed
could be increased up to about 150% of the nominal value
(2800 rpm). The motor speed could not be increased over
3000 rpm because the DC generator’s maximum speed
would be exceeded. Also, the generator field current was
reduced to 2 A so as not to exceed the rated power of the

machine.
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Fig. 6 — The motor speed for the Euler integration method in the flux
estimator.
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Fig. 8 — The motor calculated flux for the Euler integration method in the
flux estimator.
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The estimated motor flux is illustrated in Fig. 13. The
flux regulation is better than the Euler-based flux estimator.
At the same time, for the same sample time (40us) and
control system parameters, the real currents on the dq axes
have a higher ripple, although the regulation is better. For
this case, the evolution of the d-axis current is in accord
with the rotoric flux.
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Fig. 11 — The traction motor speed for the Heun integration method in the
flux estimator.
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Fig. 13 — The motor calculated flux for the Heun integration method in the
flux estimator.
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Fig. 14 — The flux estimator's d-axis current for the Heun integration
method.

Thus, the d-axis current is constant when the flux is
constant and decreases when the traction motor-rated speed
is above the nominal value because the flux is diminished,
as confirmed in Fig. 13.

7. CONCLUSIONS

Some difficulties were encountered in implementing a
rotor field orientation control system for an induction motor
traction system. These consisted of the impossibility of
driving the motor above the rated speed because the d-axis
current imposed to control the motor flux lowers as the
speed increases until the flux controller’s lower output limit
is reached, and the system loses orientation. This limitation
is due to the computation errors in the flux estimator. This
is because the flux estimator uses two integrators, which are
numerically implemented using the Euler integration
method, which is known to lead to high computation errors

at high computation time steps. A theoretical solution to
this problem is reducing the computation time step. Still,
this solution cannot be adopted as industrial DSP systems
used for real-time control cannot handle the necessary low
sample time. The solution to this problem, which was
implemented and experimentally validated, consists of
using the second-order Heun integration method in the flux
estimator. It has been proven that the computation errors
are low enough for the system to function correctly.
Consequently, the d-axis current value is dependent only on
the rotor flux.
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