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A New DTC-SVM Based Control of Field Oriented
Position Sensorless Induction Motor Drive with Reduced
Torgue and Flux Ripple

Md. Habibullah, Md. Jahirul Islam, Md. Abdur Rafiq, Kalyan Kumar Halder, and B. C. Ghosh

Abstract—Direct Torque Control (DTC) is widely used for ac
drives. Attempts to combine DTC with Space Vector
Modulation (SVM) have led to new ways. A new approach to
DTC-SVM is presented in this paper. A Correlated Real Time
Recurrent Learning (CRTRL) algorithm based Recurrent
Neural Network (RNN) is used to estimate stator and rotor flux.
Through measurement of the phase flux linkages and phase
currents the RNN is able to estimate the rotor position, thereby
facilitating elimination of the rotor position sensor. Fast
dynamic speed response is obtained through maintaining the
rotor flux constant as in the case of field orientation control.
The control method proposed in this paper can reduce the
torque, stator current, and rotor flux ripples which improve the
system dynamic performance and robustness in different
operating conditions. The proposed controller is also
computationally efficient. The control methodologies and
simulation results are given and discussed.

Index Terms—Direct torque control, space vector
modulation, induction motor, flux estimation, torque ripple,
flux ripple.

. INTRODUCTION

It is well known that DTC system operates to control the
stator flux and the torque directly by selecting the appropriate
inverter switching state. DTC is also very simple in its
implementation because it needs only two hysteresis
comparators and switching vector table for both flux and
torque control. Therefore, the only gains to be adjusted are
the amplitudes of the hysteresis band. The amplitude of the
hysteresis band greatly influences the drive performance
such as flux and torque ripples, inverter switching frequency,
and current harmonics [1], [2]. Current Researchers are
working to maintain constant switching frequency in DTC
and to reduce the torque, flux, current, and speed pulsations
during steady state [3]-[5]. For minimizing torque and flux
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ripple further new DTC-SVM scheme was proposed in [6],
[7]. In [6], the DTC-SVM scheme in rotor flux reference
frame is presented where the Auto Disturbance Rejection
Controller (ADRC) is employed. In [7], a general Space
Vector Pulse Width Modulation (SVPWM) algorithm is
presented to reduce the torque and flux ripple. Both
researchers of [6] and [7] used 3-level inverters for better
performance rather than two level inverters.

High performance induction motor drives based on “Field
Orientation” have been commercially available for almost
three decades. Because of torque flux decoupling, Field
Orientation Control (FOC) achieved good dynamic response
and accurate motion control. Their performance is such that
they can easily replace DC drives without loss of accuracy,
stability or speed of response. The most significant barrier to
further utilization is at present the rotor position sensor which
being external to the controller- power electronics assembly.
It is the cause of low reliability, high maintenance and high
installation cost. So, demands for fast and accurate rotor
position estimator in high performance motor drives are
increasing. A number of model-independent solutions for
sensorless speed and position control of induction motors
have been developed [8]-[11]. However in these studies, the
drives were limited to operation by flux saturation in the main
path and around the rotor slots of the machine which
interferes with that of the position-dependent rotor saliency.
Unwanted “saturation harmonics” in the motor currents can
dominate over the desired “position harmonic” making
position estimation impossible [12].

In this paper, a new DTC-SVM based control of induction
motor drive is presented. The inverter switch position is
selected combining with the situation of torque error, current
error and the position of stator flux angle. The rotor flux is
estimated from induction motor currents and speed
information. The proposed CRTRL algorithm is used to
estimate the rotor flux with its angle and eliminates the rotor
position sensor. The main flux saturation effects using a
variable magnetizing inductance are also in consideration.
The magnetizing inductance is expressed as a polynomial for
a more realistic representation of a saturated induction
machine. It is demonstrated that the proposed control scheme
is robust against the external disturbance in various operating
conditions.

Il. MATHEMATICAL MODEL

The dynamic model of induction motor can be represented
in the synchronous reference frame (d-q) as:

Vs = (Rs + pl—s)ids - steiqs + meidr - I-ma)eiqr (l)
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Vgs = @, Lgigs +(Rg + pLS)iqS + Ly @gigr + meiqr 2)
0= pLpyigs — @y Lnigs + (Ry + pLy )igr — Ly 3)
0=L,04ig + meiqs +(R, + er)iqr + L ogiy @)

T, =Jpow,, +Bao, +T, %)

where,
Vg and V¢ = the dg-axis stator voltages; iy and i, =

the dg-axis stator currents; iy and I, = the dg-axis rotor

currents; R, and R, = the stator and rotor resistances; L
and L, = the stator and rotor leakage inductances; L, = the
mutual inductance; @, = the synchronous reference speed;
o, =the rotor angular speed; @,, = the angular speed of the
motor; g (= w, —w,) = the slip angular speed; T, = the
load torque; J = the moment of inertia; B = the rotational
damping coefficient; P, = the number of pole pairs; P

d/dt.
The developed electromagnetic torque in terms of d- and
g- axes components is given by:

3 - -
Te :Epp Lm(lqsldr _Idslqr) (6)
where P, is the number of pole pairs.
Components of rotor flux are:
l//dr = I—ridr + Lmids (7)
W = Loy + Lyl (8)
From (7) and (8), d- and g- axes rotor currents are:
idr = i(l//dr - Lmids) (9)
LI’
. 1 .
a); Iqr = L_r(lr//qr - Lmlqs) (10)
Substituting (7)-(10) into (3) and (4) yields:
d R .
::/j/tdr +fr dr_Tmerds_wsIqu =0 (11)
dyv, R, L, - .
dtq L qr _T rlqs + ol = 0 (12)

r

If the field orientation is established such that g-axis rotor
flux is set zero, and d-axis rotor flux is maintained constant

r
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l//dr = I-mlds (13)
w, = L 1e (14)
z-r Ids

igr = (15)

. L
igr :_L_qus (16)

3_ L, .

Te = E p Tl/ldrlqs (17)
Where 7 (=L, /R,) is the time constant of the rotor. Hence,
only ¢-axis stator current controls the developed

electromagnetic torque.

Substituting (13) and rearrangement of (1) and (2), yields:

. L, dy di L . (18
V=R, +—= ) g0y ol (1)
ds s'ds Lm dt m dt e Lr l//qr e s'qgs
di 2 di di
Ve =R + Lo T +o,L + 2 1 L i, + L, — (19)

L2
where Gzl,ﬁ and @, =P @, + @y .

Sr

I1l. PROPOSED CONTROL SCHEME

In the proposed scheme shown in Fig. 1, the reference
torque Te  is generated from speed error maintaining
minimum time control [13] to get the fast speed response.

The two errors in i, and iqs are processed through two PI
controllers to generate reference voltages v, and V- The

stator command currents and command voltages are
generated as follows:

igs =¥, /L, (20)

igs = Kpy7 + Ky [ ot (21)

Vi, =Ko i, —igs) + iy [ (i, —ig, )t (22)
Vi =K (i —igs) + ki j (i, —ige)dt (23)

Here, 1 is the torque error.
The angle of the input stator voltage needed with respect to
the reference stator o -axis as:

0, =0,+0, where, §, =tan (v, /V},).
The magnetizing inductance representing the saturation in

the magnetic circuit is given in the appendix and was found
from the laboratory test of the motor.
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Fig. 1. Proposed control scheme

IV. CRTRL BASED FLUX ESTIMATOR

The CRTRL algorithm [14] is used to train the RNN based
flux estimator. The fully connected RNN consists of g
neurons with | external inputs, as shown in Fig. 2. Let the
g-by-1 vector x (k) denotes the state of the network in the
form of a nonlinear discrete-time system, the (I + 1)-by-1
vector u (k) denotes the input (including bias) applied the
network, and the p-by-1 vector y (k) denotes the output of the
network.

The process equation in the state-space description of the
network is written in the following form:

pW," (K)z(k))

q(k 1) — | PV (02() (24)
Wy (K)z(k))
where @(-) is an activation function, and the (q+I+1)-by-1

weight vector W;(k), which is connected to the ith neuron in
the recurrent network, corresponds to the ith column of the
transposed weight matrix W (k) .

The adjustment for the weight vector of the ith neuron,
AW, , is given by:
aJ (k
i =N ()
AW, (k)
where J(K) is the cost function, e(k) is the p-by-1 error vector.
The recursive equation A for the neuron i can be obtained
by:
A (k+D) =k +DW, (K)A; (k) + Z; (k)]
Where Z;(K) is a g-by-(g+1+1) matrix and ¢(k) is a g-by-q
diagonal matrix defined by:

= nCA, (K)e(k), i=123,

(26)
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p(k+1) =diag [’ (W, (k) z(K)), ¢’ W, (k) z(K)), 27)
?' W, (k) z(k)) 1
Stator flux synthesis by CRTRL algorithm is shown in Fig.
2. After getting the stator fluxes, ¥,, and ¥, , the rotor
fluxes, ¥, and ¥, are obtained by the following equations:

Byar: Lr\Pas _(Ls I-r - Lfn)las (28)
I—m

5”/;;- = LrlP/?s _(Ls Lr - L?n)lﬂs (29)
L

Fig. 2. Stator flux synthesis by CRTRL algorithm based RNN

V. SIMULATION RESULTS

The proposed control structure was implemented in the
environment software C++, and tested with various operating
conditions, to illustrate the performance of the proposed
control scheme. The flux estimator was trained off-line so
that it estimates the flux components accurately. The
numerical method for solving the equations is Runge -Kutta
method (order 4). The parameters of the induction motor used
are given in the appendix.

A.  Stator flux and rotor position estimation
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Figs. 3 & 4 show the actual and estimated a-axis stator flux,
[S-axis stator flux, and rotor flux angle under both in transient
and steady state condition. It is apparent that the estimated
responses are matching accurately with the actual responses
both in transient and steady-state conditions. Thus the

acceptability of the proposed CRTRL has been
confirmed.
— Actual
o8 — Estimated
o 0.4 -
= ‘
= 0.0 4"\
>
=
L -0.4 4
-0.8 1
0.00 O.b7 0.‘14 O.‘21 O.‘28 0.35
Time in sec
(a)
) — Actual
osd — Estimated
o 0.4 1
=
=S 50d
=<
-
o
-0.4 4
-0.8 4
0.00 O.b? 0.2L4 0.‘21 04'28 0.35
Time in sec
(b)
s —— Actual
Estimated
3 6-0‘ /
= i /
e} ad ,/
= /
@
> 24|/
< /
oV
0.00 0.07 0.14 0.21 0.28 0.35

Time in sec

(©

Fig. 3. Actual and estimated responses of (a) a-axis stator flux, (b) B-axis
stator flux, and (c) rotor angle for the induction motor drive under transient

condition.
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Fig. 4. Actual and estimated responses of (a) a-axis stator flux, (b) S-axis
stator flux, and (c) rotor angle for the induction motor drive under
steady-state condition.

B. Starting Performance of the Induction Motor Drive

The motor was started with a command speed of 1432 rpm
(150 rad/sec) with no load from standstill condition. At
t=0.24 second the motor reaches to the command speed as
shown in Fig. 5(a). The motor follows the command speed
accurately without steady-state error and oscillations. It can
also be seen from Fig. 5(b) that, the developed
electromagnetic torque is almost ripple free. In Fig. 5(c), it is
observed that the rotor flux also follows the reference flux
accurately. The stator phase currents are shown in Fig. 5(d).
So the drive operates perfectly with negligible torque, flux,
and current ripples.
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Fig. 5. (a) Simulated speed response, (b) developed electromagnetic torque,
(c) rotor flux, and (d) stator current under transient and steady-state
condition.

C. Performance Under Different Operating Conditions

The performance of the induction motor drive under
different operating conditions was also investigated in order
to verify the robustness of the proposed control scheme. The
performances of the drive system for various changes in
speed with no load are shown in Figs 6(a), 6(b), and 6(c).
From Fig. 6(a) it is observed that the proposed control
scheme follows both the forward and reverse direction
reference track quickly with negligible torque and flux ripple.
The control scheme also follows the step change in speed and
ramp change in speed reference track accurately with
negligible torque and flux ripple and shown in Fig. 6(b) & 6(c)
respectively. Effectiveness of the proposed control scheme
was also tested by applying and reducing load torque in step
and shown in Fig. 6(d). The load torque of the motor was
suddenly increased from 0 N-m to 4.0 N-m at t=0.5 second,
then decreased to 2.0 N-m at t=1.0 second and again to 1.0
N-m at t=1.5 second. No fall and oscillation in speed is
noticed due to this load torque disturbance. Also the
developed electromagnetic torque and the rotor flux are
found almost ripple free.
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Fig. 6. Performances of the induction motor drive with (a) speed reverse, (b)
step change in speed, (c) ramp change in speed, and (d) step change of load.
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Fig. 7. Performances of the induction motor drive for change in stator and
rotor resistances with (a) R, = 2R, and (b) R, = ZR: at t=1 second.

There is some instrumental error always present in physical
system. For the robustness test 10% instrumental error was
introduced to reference voltage vectors. The performance of
the motor speed, developed electromagnetic torque, and the
rotor flux are shown in Fig. 8. It can be observed that the
performances are similar to the motor starting performance.
So depending on the performance, it can be concluded that
the proposed control scheme is computationally efficient.

333

1600
1400
1200
1=
S 1000
= — Reference
= 800 - —— Actual
(<5}
S so00
2 i
400 -
200 +
o v v v
0.0 0.5 1.0 15 2.0
Time in sec
7
6
5 4
1=
I 4 4
=
< 34 Load torque
‘g > —— Developed torque
2
1 4
o
-1 T T T
0.0 0.5 1.0 1.5 2.0
Time in sec
2.0
1.5
=)
=
=
X 10 — Reference
=
= — Actual
k=]
o
a4
0.5
0.0

0.5 1.0 1.5 2.0

Time in sec

Fig. 8. Performances of the induction motor drive under computational errors
present in the physical system.

VI. CONCLUSIONS

This paper presents a new high performance control
methodology for position sensorless induction motor drive
with reduced torque and flux ripple. The results obtained and
presented in this work indicate that the proposed control
strategy produces very fast response of the induction motor
drive and realizes almost ripple free operation in torque,
stator current, and rotor flux. It is also observed that the
proposed drive with CRTRL based flux estimator is capable
to estimate stator flux and rotor position both in steady-state
and transient conditions accurately. The drive is also robust
to load disturbances, parameter variations, and different
speed tracking conditions. Due to its simple structure it can
be easily implemented on available embedded DSP’s, thus
will find many practical applications.

APPENDIX
Parameters of induction motor for simulation
Parameter Value
Rated power (KW) 0.75
Rated voltage (V) 415
Rated current (A) 1.8
Rated speed (rad/s) 150
Stator resistance (Q) 13.25
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Rotor resistance (Q2)

Mutual inductance (H)

Stator self inductance (H)

Rotor self inductance (H)
Moment of inertia (Kg-m?)
Damping coefficient (Nm-sec/rad)
Number of pole pairs

16.818
0.7114
0.7359
0.7359
0.0075
0.00107
2

Saturation characteristic for induction machine:
Mutual inductance

L,=f(
b, +bi

mag):

+h,i?

mag

3
mag

4
mag

5
mag

+0,i5 00 0,010 D1

mag

b, =0.9328; b, = 0.27058; b, =-0.95898; b, =0.54123;

b,

[1]

[2]

[3]

=-0.5479; b, =-0.01859
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