A Novel Direct Torque and Flux Control Algorithm for the Induction Motor Drive
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Abstract’- In this paper a new sensorless Direct Torque
Control (DTC) algorithm for induction motor drive is proposed
and tested. This algorithm provides decoupled control of the
torque and flux with constant inverter switching frequency and
a minimum torque and flux ripple. Compared to the other DTC
methods, this algorithm is much simpler and has less
mathematical operations, and can be implemented on most
existing digital drive controllers. Algorithm is based on
imposing the flux vector spatial orientation and rotation speed,
which defines the unique solution for reference stator voltage.
The implementation of the control scheme using DSP — based
hardware is described, with complete experimental evidence and
the straightforward implementation instructions.

1. INTRODUCTION

High performance electric drives require decoupled torque
and flux control. This control is commonly provided through
Field Oriented Control (FOC), which is based on decoupling
of the torque — producing current component and the flux —
producing component. FOC drive scheme requires current
controllers and coordinate transformations.  Current —
regulated pulse — width — modulation (CRPWM) inverter and
inner current loops degrade the dynamic performance in the
operating regimes wherein the voltage margin is insufficcent
for the current control, particularly in the field weaking
region. Besides, the existence of the cascaded controller
structure where the flux and torque controllers reside in the
‘outer loop’ while the current control remains as the inner
servo loop results in a response speed and the resulting
bandwidth that are inferior in comparison with the direct
control concepts.

The problem of decoupling the stator current in a dynamic
fashion is avoided by DTC methods. DTC provides a very
quick and precise torque response without the complex field
— orientation block and the inner current regulation loop.
There have been several DTC — based strategies [1], e.g.,
voltage — vector selection strategy using switching table [2],
direct self — control [3], and inverse — model (deadbeat) based
strategies [8-14]. Direct self — control and switching — table
strategies are very simple and have a rather straightforward
implementation, but their switching frequency varies
according to the motor speed and the hysteresis bands of
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torque and flux comparators. In turn, this results in a large
torque ripple unless a very short sampling time (below 25us)
is provided [5-7]. DTC based on the deadbeat (inverse)
solution to the machine equations utilize an inverse model to
calculate the theoretical voltage vector needed to move the
machine torque and stator flux to the desired values in one
sample period. This voltage vector is then synthesized over
the sample period by the use of Space Vector Modulation
(SVM) techniques. However, the calculation of the voltage
vector requires the solution of a quadratic equation, which
results in two solutions and an optimal solution must be
determined. In transient conditions, said quadratic equation
has no solution and therefore the alternative schemes, based
on look — up tables or torque limitation have to be provided
[8-14].

In this paper a novel direct torque algorithm is proposed
for the control of the torque and flux of an induction motor,
running both in the flux weakening and the constant torque
modes and performing well in both the steady state and the
transient states. The algorithm is focused on getting a smooth
and ripple — free response of the electromagnetic torque;
while reducing parameter dependence and the number of
parameters required; preserving a certain simplicity and ease
of implementation on most existing digital drive controllers.
In principle, the proposed approach relies on the intrinsic
properties of an induction motor. Namely, generated torque
is proportional to the square of the flux linkage and to the
relative speed of the flux vector with respect to the rotor
itself. Accelerating the flux rotation relative to the rotor
contributes an increase in torque. In the algorithm, the flux
vector angular advancement is divided in two parts: i) the
angle increment ensuring steady — state rotation and ii) the
angle increment corresponding to the flux acceleration. The
later should be kept on the zero value if no torque changes are
required. Positive and negative values of the later angular
component correspond to the torque increment or decrement,
respectively.  In addition to increasing the tangential
component of the flux linkage, the radial component is
asserted as well, controlling the flux amplitude according to
the operating speed and load. In the paper, the algorithm for
the calculation of desired flux increments according to
desired change in torque and the implementation aspects of
voltage command calculation are explained in detail.
Presented results are supported by the simulation and
experimental evidence.



II. MATHEMATICAL BACKGROUND

A.

The state — space equations of induction machine in stator
fixed reference frame in discrete time form (for small values
of the sample time, At) are as follows:
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Basic Induction Machine Equations
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where A is the d — and q — axes stator flux complex vector

with A, = Asa ¥ J s A, is the d — and g — axes rotor flux

complex vector with Ar = Ag +JA Vs is the d — and q-
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is the d — and ¢ — axes stator current complex vector with
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axes stator voltage complex vector with V= Vi +J

sg» Ry and R, are stator and rotor resistance,
L, and L, are stator and rotor self — inductance, L, is
mutual inductance, 7, is the electromagnetical torque, P is
the pole — pair number, @,, and @ are the mechanical and
electrical speed, respectively, and j is the imaginary unit. In

the proposed model core losses and saturation are neglected.

B.  Direct Torque Control Equations

In DTC control schemes two discrete equations are given [1-
14]:

AT =T" -T(z,), (7
where ¢, is the beginning of an arbitrary At period, T " s

the reference or command value of torque, and AT is desired
change in torque, and

AD =D —d(r,), (8)

where ®" is the command value of stator flux magnitude,
and A® is desired change in stator flux magnitude.
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It is assumed that the torque 7(¢,) and stator flux vector

A= o, e’ 96) are correctly estimated, where (¢, ) is the
stator flux angle to the d axes in instant ¢, .

III. A NEW DIRECT TORQUE ALGORITHM PRINCIPLE

Stator flux vector Ay at instant t, has the angle 0(z,) to
the axes fixed to the stator (Fig.1). Desired flux magnitude

®" is represented by a circle centered in the origin with a
radius equal to the magnitude of flux reference

‘Z(t,, +11 =®". Anew DTC algorithm is based on calculating

the stator flux vector increment, which will drive torque and
flux errors (7) and (8) to zero:
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Fig.1. Definition of stator flux vector increment

The desired stator flux vector increment (3) is defined by
circle radius and the angle A% shown on Fig. 1. So, it is
necessary to calculate angle A$ which depends on desired
changes in torque and flux (7) and (8), and than to calculate
stator flux vector increment (9). Reference voltage than is:

A—/1+RSIS.
At

V. =

s (10)

It can be seen on Fig. 1 that by increasing the reference
flux magnitude, ®" the circle radius will be increased (and
vice versa), and by increasing the reference torque 7T * on the
same flux level (®° = ‘/1([ X: ‘xl(tnX) the angle A& will

n+l

be increased (and vice versa).



The equation for developed torque of induction machine
(5) can be linearized over the sampling period At as:

AT :%P(ﬁs xAYS)Jr%P(AZS <1,) (11)

where AT is the change in torque, and Als and A are the

changes in stator current and stator flux. By using an

equivalent circuit of the inverter — driven induction machine

in the stationary reference frame (Fig. 2), the change in stator
current vector A/, is given by [8]:
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where V =V —st , o=1-12 /LSL, is the leakage
coefficient and

E=jo,-ot,1,) (13)
is the back emf, which is assumed to be sinusoidal with
dominant frequency o, .
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Fig. 2. Equivalent circuit of inverter-driven induction machine
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Rotor flux vector and rotor current vector can be rewritten
in meaning of stator quantities by using (3) and (4) as:

Ay = (Zs - aLjS) (14)

m
I =1 -11) (15)

Lm

Total differential of (14) is
Ady = %(AZY - aLSAFS), (16)

m

and equations (14-16) have to be substituted in (2), which
gives the expression for stator current (17):

7. _ (1 + anwf)+ jl-o)r,

Va)S P
L(1+0°T20?) Ao

where @, =w, — o is the slip frequency, and 7, =L, / R, is

(17

the rotor time constant.
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Expressions (13) and (17) have to be substituted in (12), so
the change of stator current will be:

AT, =20 o n— = UZ)LFZ s -
oL, oL \l+ 07T w; (18)
l-olTw L —
_C()eAt ( O-) er; 12 ls
L\l +0°T w;
It can be seen from Fig. 1 and equation (9) that:
ZS X AZ = zs X |_Zs(tn+1)_zs(tn)lz
(19)
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so the change in torque can be written by substituting (17)
and (18) in (11) and using (19-20) as:
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For small values of angle A9 sine and cosine are:
SinAlnglg’ (22)
cosd=1 , (23)

so the desired stator flux vector increment angle is:
2 252
AG = ZO'LS(l_-f-a)SO'Zr) AT +
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(24)
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It can be seen from Eq. 24 than if there is no change in
reference torque (A7 =0) and no change in reference flux

(AD =0 or ‘Z(tnﬂj = ‘Z(t,, X) stator flux vector increment

angle is A%=w,At, which means that the stator flux
continues to rotate by synchronous speed. If there is no
change in flux (A® =0), and the torque has to be increased,
it can be seen from Eq. (24) that the stator flux vector
increment angle A9 has to be increased (and vice versa). If
there is a change both in stator flux magnitude and torque,



stator flux vector increment angle A$ can be increased or
decreased depending on torque and flux errors (7) and (8).

In Fig. 3, the Eq. 21 is illustrated for the values of the
angle —pi/2 < A3 < pi/2 for three levels of stator flux. It is
assumed that there is unlimited voltage available, and it can
be seen that there is possible to get larger torque with larger
flux level.
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Fig. 3 Plot of Eq. (20) for —pi/2 < A3 < pi/2

IV. REFERENCE VOLTAGE GENERATION

When the desired flux angle movement is determined, the
flux projections in stationary dq reference frame from Fig.4
are:

A4, = ‘Z(tn 4 X cos(9(z,)+ A 9) - ‘Z(tn X cos S(tn ) (25)
Ad, = ‘E(rm j sin(9(r, )+ A9) - ‘Z(t” )( sind(r,) (26)
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Fig. 4. Projections of stator flux increment vector

Assuming (22-23) and the fact that the stator flux vector
components A, (¢, ) and A (¢,) are known, reference voltage

components are:
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V;=m[Amda,,)—\Zc,,ﬂxzq(tn)w] @)
vy ZW[A% (1) + 200 24 )AS] (28)

The stator voltage vector reference than is:

Vo =y + v )+ R, 29)

V. TRANSIENT CONDITIONS

In transient conditions, when the torque and flux errors (7)
and (8) are too large (particularly in field weaking region),
the reference voltage (29) will be larger than the available
inverter voltage. In that case, the angle A9 (24) has to be
limited, so the reference voltage is lower or equal to the
maximum inverter voltage:

Vs

<Upuyx > (30)

where U, is the maximum available inverter voltage.

Neglecting stator IR voltage drop, and substituting (27-28)
into (30) maximum angle rotation A$ allowed is:

\/ Unax (At )2 - (A(D)z .

‘Z(tn-f-l 1

A<=+

1)

In this regime direct flux control is enabled, and torque is
driven to its reference with the maximum increment possible.

VL

Implementation of the proposed algorithm is embodied in
the following steps:

1. Determine the state vector g(we,ws,z(tn ),‘Z(tn 4 1),

REALIZATION OF PROPOSED ALGORITHM

and calculate torque and flux increments, A7, and A®

(Eq. 7 and 8) from the estimated values;
2. Calculate the angle of stator flux adjacent
A8 = f(AT,,AD,x) which defines the position of the

new stator flux vector z(t,, +1) to respect to Z(t,,) (Eq.
24);

3. Limit the angle A9 if necessary (Eq. 31);

4. Calculate the stator flux vector increment A4 (Eq. 25
and 26);

5. Calculate the stator reference voltage (Eq. 27-29).



VII. SIMULATION RESULTS

Results of computer simulation of induction motor
controlled through the proposed algorithm are shown on Fig.
5 - 7. Model is based on Eq (1-6) in State — Space domain
without neglecting the saturation, which is modeled by
magnetization characteristic.  Motor data are given in
Appendix. Reference value of torque is 1Nm , and motor
flux is weakened to 0.8 and 0.6 of nominal value. It can be
seen from Fig. 4 that de-coupled control of torque and flux is
achieved with minimum torque and flux ripple, and the initial
error is minimized in dead-beat manner.
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Fig. 5. Motor torque
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Fig. 6. Stator flux magnitude

Motor currents are given on Fig. 7. It can be seen that the
currents are changing their magnitude, frequency and phase
angle due to changes in torque and flux reference.

Stator Phase Curents (4)
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Fig. 7. Phase currents

VIII. EXPERIMENTAL RESULTS

The experimental set up consisted of a three — phase
induction motor, transistor inverter and dSpace 1102 digital
controller. Inverter is driven by Space Vector Modulation
technique with constant 3.5 kHz switching frequency. Two
phase currents were measured and no shaft sensor was used
for speed and position feedback. The results were captured
using dSpace software. Extensive tests were conducted to
verify the proposed algorithm.

Fig. 8. shows the motor torque, and Fig. 9 shows stator
flux magnitude. It can be seen that the Dead — Beat control
of torque and flux is achieved, as expected.
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Fig. 8. Motor torque — experimental results
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Fig. 9 Stator flux magnitude — experimental results

Fig. 10. shows the angle of stator flux vector angular
advancement. It can be seen that if the stator flux magnitude
is decreased, the angle A$ is raised to achieve demanded
torque according to Eq. (24).
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Fig. 10. The angle of stator flux vector angular advancement
Experimental results show that the proposed algorithm has
the same or even the better performance than the other DTC
solutions presented in [1-14].
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IX. CONCLUSION

This paper presents a novel direct torque and flux control
algorithm. This algorithm gives a unique solution for the
voltage reference, which will drive torque and flux errors
down to zero, by controlling both the radial and tangential
component of stator flux vector increment. Proposed
algorithm enables sensorless deadbeat control of torque and
flux with constant switching frequency. Algorithm has no
trigonometric functions and coordinate transformations
compared to other solutions, and is easily implemented on
most recent digital controlled drives.

APPENDIX

The rated values and parameters for the machine used in
the simulation study and the experimental work are:

Rated output power 0.75kW

Rated voltage 380VY
Rated frequency 50Hz
Pole-pair number 2

Rated speed 1410rpm
Power factor 0.71
Stator resistance 10.4Q2
Rotor resistance 11.6Q2

Stator Leakage Inductance 22mH

Rotor Leakage Inductance 22mH

Mutual Inductance 0.557H
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