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Abstract: A high performance direct torque control for
induction machine control is proposed in this paper. The
control is based on combined feed-back torque and feed-
forward stator flux control. Proposed structure enables
very fast and decoupled torque and flux regulation.
Quality of the proposed structure is verified by both
simulation and experiment.
Induction Motor, Direct Torque Control (DTC)

1. INTRODUCTION

The term Direct Torque Control (DTC) refers to
electric machine control approach which does not have
an inner current regulation loop [1]. The first DTC
approaches are based on selection of an appropriate
discrete stator voltage vector which is applied during a
given sampling instant [2, 3]. This selection is done
using hysteresis comparator and predefined inverter
switching tables. The basic concept is very simple with
fast torque response, but with high content of current
harmonics, torque and flux ripples, and with variable
switching frequency. The torque and flux ripples can be
minimized by allowing for higher maximum switching
frequency [4, 5], by using modified switching tables [6,
71 or multilevel inverters [8, 9]. Alternative approach to
DTC control is based on calculating the voltage
references and applying them by modulation technique,
like Space Vector Modulation (SVM), which enables
constant switching frequency with minimized ripples and
current distortion [10, 11]. In this approach, stator
voltages are calculated directly from torque and flux
errors like Dead-Beat (DB) control [12-15], or by using
Feed-Forward (FF) or Feed-Back (FB) stator flux
regulators [16-19]. DB control provides very fast and
precise torque control, but it is highly dependent on IM
parameters (resistances and inductances) which vary
with temperature and flux level. FF control is fast, but
sensitive to disturbances. In contrast, FB structures are
robust against disturbances and parameter variations, but
with slower response compared to DB and FF control.

In this paper a new DTC structure which uses
benefits of both FF (DB) and FB approaches is proposed.
Torque regulation is based on simple Proportional —
Integral (PI) FB torque regulator, while flux regulator

has FF structure to accomplish fast flux response which
decouples torque and flux dynamics.

Motor dynamics is analyzed by modeling Induction
Machine (IM) in discrete stationary reference frame
(Section 1II). Proposed DTC structure is detailed in
Section III. Simulation and experiment results (Section
IV and V) demonstrate the performance of the presented
DTC controller. Concluding remarks are given in Section
VI

2. MATHEMATICAL BACKGROUND
A. Mathematical Model of Induction Machine

Discrete state — space IM model in stationary
reference frame (« — f) is defined by:
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Where W (k) ( )+ J¥s (k) is the stator flux
complex (space) vector, ¥ ( ) v \k ( )+ ]‘Pw(k) is
rotor flux complex vector, S(k) ( )+ ]uﬂ(k) is
stator voltage complex vector, I (k) ( )+ Ji ﬁ( ) and
i r(k)= iy (k)+ Jivg (k) are stator and rotor current
complex vectors, R, and R, are stator and rotor
resistances, L, and L, are stator and rotor self —

inductances, L, is mutual inductance, T,(k) is the
torque, P is number of pole pairs, w,, (k) and a)(k) are
mechanical and electrical speed, 7 is sample time at
instant k, k=0,1,2... and ; is imaginary unit. Core
losses and saturation are neglected in the proposed
model.



Stator and rotor fluxes in steady state can be expressed
from (1-4) by neglecting stator resistance as:
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Where o, (k) is synchronous speed, 7. =L, /R,, and

Wy (k) is the slip defined as:
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Substituting (7-9) in model (1-6), the torque can be
expressed as function of stator or rotor fluxes as:
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Where o =1-12 /(L,L,) is leakage coefficient.

B. Torque and Stator Flux Control Principle

Equations (9-11) show that the torque is directly
proportional to the slip if stator and rotor fluxes are
assumed constant. In order to achieve zero steady state
error, torque can be regulated by simple discrete PI
regulator with torque error as an input and change in
motor slip as an output. To modify the torque the
regulator requests motor slip changed and this is
accomplished by changing the stator flux increment

angle AY(k).

Stator and rotor flux space vectors rotate in stationary
reference frame with synchronous speed. In steady state,
tip of stator flux vector lies on the circle whose diameter
equals stator flux amplitude. Stator flux in next instant
will be equal to

lgs(k-l-l):lgs(k)-'_Ags(k) (12)
Equation (12) can be plotted in stationary «-f
reference frame as shown in Fig. 1.
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Fig.1. Definition of Stator Flux Vector Increment
If stator flux reference lI’S* is known, FF stator flux
regulator can be realized with DB response, i.e.

W (k+1)=W, .

Stator flux space vector in next instant W _(k +1) can
be expressed by stator flux modulus W (k) and phase
angle (k) at instant k£ and stator flux increment angle

AY(k) as:
AW (k) =W," cos| (k) + AI(k) |- W, (k) cos k), (13)
AW, (k) = W, " sin[9(k) + A9(k) |- W, (K)sin k). (14)

By neglecting voltage drop on stator resistance,
reference stator voltages can be found as:

u, (k)=A®_ (k)/T, (15)
uy (k)= AW, (k)/T. (16)
3. BLOCK DIAGRAM OF THE PROPOSED

SOLUTION

The block diagram of the proposed algorithm is shown
in Fig. 2. The input to the structure are torque and stator

flux references, 7, : and lI’S*. Estimated torque T, (k) is

subtracted from the torque reference, and error signal is
fed to the torque PI regulator realized in incremental
form [20]. Flux reference and the output of the torque
regulator are fed to the stator flux regulator which is
based on (13-16). Stator flux regulator is realized in FF
structure with reference stator voltages as outputs.
Reference voltages are fed to the Space Vector
Modulator block which generates three stator voltages.

The output of the torque controller is the stator flux
angle increment Ad¥(k) which represents an increment to

the estimated stator flux phase angle (k). The control

increments are calculated over each sampling interval
and accumulated within the discrete-time integrator. In
the proposed torque regulator the proportional action is
removed from the feedback path in order to suppress
torque overshoots in case of step changes of torque
reference. The torque error AT is multiplied by the
proportional gain K I providing the increment of the

proportional action. The increment of the integral action
is found by multiplying error signal with integral gain
K; . Proportional and integral actions are summed to

obtain an increment Av to the control output. The
control increment is added to the most recent value of the
output, obtained at the previous sampling instant from
the delay block. The delay block takes into account the
output value processed through the limiter, ensuring that
the actual command never exceeds the capabilities of the
drive. The new output signal, obtained from the
summator may exceed the limit. At this point, the output
limiter will cut in, securing a limited output and ensuring
that delay line receives the signal within boundaries. The
proposed structure eliminates wind-up phenomenon
which is present in typical PI regulator structures.

PI tunings can be done in order to obtain fast and
well damped response. In order to compensate for stator
resistance and inverter voltage drops, stator voltages
could be slightly increased from the values found from
(15-16). This approach is similar to compensating the
stator resistance variations in stator flux based DTC
algorithms [18]
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Fig. 2. Block Diagram of the Proposed DTC Structure

Two line currents, i, and i, and shaft speed w,, are
measured and fed to the estimator. Estimator estimates
stator flux vector modulus and angle, as well as torque. It
is based on rotor circuit and flux linkage equations (2-4).
Stator currents in stationary « — 3 frame are

i (k)=i,(k), (17)

iﬁ=«/§(%+ib), (18)
While rotor and stator fluxes are

LK)
lllr(k)=lijr(k_l)+ " 2 (19)
1+T ;r - ja)(k)

W, (k)=(L,,/L, )%, (k)+oL,i, (k). (20)
Stator flux angle is:

(k)= arglw (b}, 1)
While torque from (5) is

T 0)= 22 (3, (1 )= 9, (7, ). 22)

4. SIMULATION RESULTS

Simulation results of the proposed algorithm are
shown in Figs 3-6. In the simulated regime, torque
reference is given in rectangular pulse shape, while stator
flux reference was changing in steps from 1 p.u. to
0.75p.u. for the purpose of demonstrating flux dynamics.
Torque pulses have period of 2s and amplitude of 0.1
p.u. Stator current, torque reference, and torque response
are shown in Fig. 3. Shaft speed and stator flux are
shown in Fig 4, while slip speed and stator voltage u,

are shown in Fig. 5. Motor was unloaded during the
simulation.

As seen in Fig. 3, torque response is very fast with
zero steady state error. When torque is positive, shaft
accelerates, while for negative torque reference, the shaft
decelerates (Fig 4). It can be noted from Fig. 3 and 4 that
torque and flux dynamic responses are decoupled.

Motor slip (Fig. 5) is constant when torque and flux
are constant. The slip is increasing at times 0.15s, 0.45s

and 0.7s to compensate for the reduction in flux value.
Constant torque is maintained by this action.

Stator current and voltage (Fig 3 and Fig. 5) increase
when speed increases, as well as does the frequency. In
0.39s and 1.29s the speed changes the sign, and stator
current and stator voltage change the phase by 180°. The
phase angle of current and voltage is also changed at
instants when the flux or torque is changed.
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Fig.3. Stator Current (Upper Trace) and Torque (Lower
Trace)
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Fig.4. Shaft Speed (Upper Trace) and Stator Flux (Lower
Trace)
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5. EXPERIMENTAL RESULTS

Experimental verification is done on a test drive with
750W induction motor with coupled shaft sensor
(encoder). The control algorithm is implemented on
fixed point DSP r with PWM frequency of 2 kHz.
Torque reference was the same as in simulation, i.e. in
pulses with 2s period and amplitude of 0.1 p.u. Stator
flux reference was set to 0.85 p.u. Stator current, torque
reference and torque response are shown in Fig. 6, shaft
speed and stator flux are shown in Fig 7, while slip speed
and stator voltage u,, are shown in Fig. 8.
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Fig.6. Stator Current (Upper) and Torque (Lower Trace)
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Fig.7. Shaft Speed (Upper Trace) and Stator Flux (Lower
Trace)
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Torque response (Fig. 6) is very fast with zero steady
state error. Stator flux (Fig. 7) is equal to the reference.
Motor slip (Fig. 8) changes in the same manner as the
torque, since the flux is constant. Stator voltage
amplitude (Fig. 8) and frequency of stator currents and
voltages (Fig. 6 and 8) increase with rotor speed as the
stator flux is kept constant.

6. CONCLUSION

High performance DTC of induction machine which is
suitable for servo drives is presented in the paper.
Proposed structure enables very fast torque response.
Robust torque regulation without steady state error is
provided by simple PI regulator, while FF stator flux
regulator decouples torque and flux dynamics.

Performance of the proposed algorithm is
demonstrated through simulations and experiments .

Appendix
Parameters of IM used in simulation and experiment:

7500 , 380V, S0Hz , 1450rpm , R, =10.5Q,
R, =11Q, M =0.557H , L, =0.579H, L, =0.579H .

REFERENCES

[1] D. Casadei, F. Profumo, G. Serra, A. Tani: “FOC and DTC: Two
Viable Schemes for Induction Motor Torque Control”, [EEE
Transactions on Power Electronics, Vol. 17, No.5, pp. 779-787,
September 2002.

[2] T. Isao, N. Toshihiko: “A New Quick-Response and High-
Efficiency Control Strategy of an Induction Motor”, [EEE
Transactions on Industry Applications, Vol. 1A-22, No.5, pp.
820827 Sept/Oct 1986.

[31 M. Depenbrock: ”Direct Self-Control (DSC) of Inverter-Fed
Induction Machine”, IEEE Transacions on Power Electronics,
Vol.3, No.4, pp. 420-429, Oct. 1988.

[4] T. Noguchi, M. Yamamoto, S. Kondo, I. Takahashi: “Enlarging
Switching Frequency in Direct Torque-Controlleed Inverter by
Means of Dithering”, I[EEE Transactions on Industry
Applications, Vol. 35, No. 6, pp. 358-1366, Nov/Dec 1999.

[51 A. Purcell, P. Acarnley: “Enhanced Inverter Switching for Fast
Response Direct Torque Control”, /IEEE Transactions on Power
Electronics, Vol. 16, No. 3, pp. 382-389, May 2001.

[6] D. Casadei, G. Serra, A. Tani: “Implementation of a Direct
Torque Control Algorithm for Induction Motors Based on
Discrete Space Vector Modulation”, [EEE Transactions on
Power Electronics, Vol. 15, No. 4, pp. 769-777, July 2000.

[7] C. Ortega, A. Arias, J. Ballcells, C. Caruana, C. Spiteri, J. Cilia:
“The Use of Small Voltage Vectors of Matrix Converters in
Direct Torque Control of Induction Machines”, 12th International



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Power Electronics and Motion Control Conference EPE-PEMC,
Conference Proceedings, pp. 314-319, August 2006.

M. Escalante, J. C. Vannier, A. Arzande: “Flying Capacitor
Multilevel Inverters and DTC Motor Drive Applications”, I[EEE
Transactions on Industrial Electronics, Vol. 49, No. 4, pp. 809-
815, August 2002.

A. Sapin, P. Steimer, J. Sim: “Modeling, Simulation and Test of a
Three-Level Voltage Source Inverter with Output LC Filter and
Direct Torque Control”, IEEE Transactions on Industry
Applications, Vol. 43, No. 2, pp. 469-475, March/April 2007.

T. G. Habetler, F. Profumo, M. Pastorelli, L. M. Tolbert: “Direct
Torque Control of Induction Machines Using Space Vector
Modulation”, IEEE Transactions on Industry Applications, Vol
28, No.5, pp.1045-1052. Sept/Oct 1992.

G. Griva, T. G. Habetler: ”Performance Evaluation of a Direct
Torque Controlled Drive in the Continuous PWM-Square Wave
Transition Region”, [EEE Transactions on Power Electronics,
Vol. 10, No.4, pp. 464-471, July 1995.

J. Lee, C. Kim, M. Youn: “A Dead — Beat Type Digital Controller
for the Direct Torque Control of an Induction Motor”, [EEE
Transactions on Power Electronics, Vol. 17, No. 5, pp. 739-746,
September 2002.

P. Mati¢, B. Blanusa, S. N. Vukosavi¢: “A Novel Direct Torque
and Flux Control Algorithm for the Induction Motor Drive”,
IEEE International Electric Machines and Drives Conference,
IEMDC’03, Conference Proceedings, Vol. 2, pp. 965-970, 1-4.
June 2003.

B. H. Kenny, R. D. Lorenz: “Stator and Rotor Flux Based
Deadbeat Direct Torque Control of Induction Machines”, [EEE
Transactions on Industry Applications, Vol 39, No. 4, pp. 1093-
1101, July/August 2003.

N. T. West, R. D. Lorenz: “Digital Implementation of Stator and
Rotor Flux-Linkage Observers and a Stator-Current Observer for
Deadbeat Direct Torque Control of Induction Machines®, I[EEE
Transactions on Industry Applications, Vol. 45, No. 2, pp. 729-
736, March/April 2009.

C. Lascu, A. Trzynadlowski: “Combining the Principles of
Sliding Mode, Direct Torque Control, and Space-Vector
Modulation in a High-Performance Sensorless AC Drive”, [EEE
Transactions on Industry Applications, Vol. 40, No. 1, pp. 170-
177, January/February 2004.

C. Lascu, 1. Boldea, F. Blaabjerg: “Very-Low-Speed Variable-
Structure Control of Sensorless Induction Machine Drives
Without Signal Injection®, IEEE Transactions on Industry
Applications, Vol 41, No. 2, pp. 591-598, March/April 2005.

Dj. M. Stojic, S. N. Vukosavic: “A New Induction Motor Drive
Based on the Flux Vector Acceleration Method”, IEEE
Transactions on Energy Conversion, Vol. 20, No. 1, pp.173-180,
March 2005.

M. Mengoni, L. Yarri, A. Tani, G. Serra, D. Casadei: “Stator Flux
Vector Control of Induction Motor Drive in the Field Weakening
Region”, IEEE Transactions on Power Electronics, Vol. 23, No.
2, pp. 941-949, March 2008.

Slobodan N. Vukosavi¢: Digital Control of Electric Drives,
Springer, New York, 2007.



	Broj rada: Paper No. T2-6, pp. 1-5


