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ABSTRACT: Fast and robust torque control in a very wide range of speed is very needed
by various industrial AC drive applications. Therefore, since 1986 [1], direct torque control
(DTC) has been introduced to satisfy this desire. In order to achieve more economical control,
conventional speed sensor has been replacing by sensorless speed estimation. The sensorless
schemes are used to improve reliability and decrease maintenance requirements. In this paper,
concerned sensorless techniques of induction machine controlled by DTC algorithm are open-
loop estimators and MRAS schemes [2], [3]. To demonstrate clearly the advantages and
disadvantages between two kinds of sensorless techniques, obtained simulation results are
compared. By enhancing speed estimation, the pure integrator is replaced by a low-pass filter
to avoid DC drift and saturation problems [2].
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1. INTRODUCTION

Nowadays, comparing with the field oriented control (FOC), direct torque control (DTC) is
known as a simpler and easier scheme to perform [2], [4], [5]. With DTC technique, the
instantaneous values of flux and torque are estimated from the stator voltages and currents in
order to comparing with the command values. Residual results are used to determine the
optimum inverter switch states through a look-up table to supply for induction motor. As a
result, torque can be controlled directly.

The stator voltage being used for the estimation is obtained from DC link voltage the
switching states of the inverter (The inverter is assumed to be supplied from an ideal AC-DC
converter which takes AC voltage from the AC grid and provides the inverter a constant DC
input). The switching states of the inverter is controlled directly by the central processor,
therefore, the On-Off states of the transistors in the inverter are available to the processor. From
the pre-defined value of DC link voltage, the processor can determine the stator phase voltage
space vectors corresponding to those switching states. The stator phase currents are obtained

. from current sensors.

In conventional speed control of DTC the actual value of rotor speed is required. The
controller receives the signals of rotor speed from the speed sensors. Unfortunately, the
accuracy of the control system will decrease with the appearance of noises, causing low
reliability. Furthermore, the conventional sensors make the higher cost, increase the complexity
of the systems because of noise filtering. The filtering will help to improve the quality of
feedback speed, however, additional digital filters require higher computing capacities for
faster signal processing and transmission. Therefore, they mount additional costs on the overall
systems.

Recently, many researches have been carried out for the design of speed sensorless control
schemes [2], [3]. In these new schemes the speed is obtained from the determined stator
voltages and measured stator currents instead of using a sensor. In this paper, two sensorless
techniques are presented, an open loop and a close-loop (MRAS) scheme, which can overcome
the necessity of the speed sensor.
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This paper is organized as follows. First, DTC algorithm is introduced in Section 2. Then,
the proposed rotor speed estimation is presented in Section 3. In the Section 4, some simulation
results are presented. Finally, some concluding remarks are stated in the last Sectjon.

2. THE DTC ALGORITHM

2.1 Dynamic Model of Induction Machine

All the equations in this paper are defined in stationary reference frame. Voltage and flux
equations:
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The symbol ® in equation (5) denotes vector product. By using space vector theory, there
are eight voltage space vectors (six non-zero and two zero vectors) for an induction feeding by
a conventional voltage inverter [2], [4].

22 Synthesis of the Takahashi’s DTC Approach

In the equation (1), by neglecting the effect of stator voltage drop across stator resistance,
stator flux can be estimated directly from the stator voltage and the change of the stator flux
depends on the change of the stator voltage.
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Equation (8) implies that rotor flux is varied by the change of stator flux. Because of the
lager of rotor time constant (Tg), rotor flux vector is assumed stationary during a small time
interval when stator flux vector is rotating. The torque value in the equation (5) can be
expressed in another way.

3 1 L sls|
Tes=pl—X=")- .sin(8s-8 9
2 PG ) v sins-5w) ©)

Trang 34



TAP CHi PHAT TRIEN K&CN, TAP 8, S012 -2006

From (7) to (9), it is important to note that, the torque of an induction machine is produced
by the interaction between rotor and stator flux space vectors. In a time interval small enough,
rotating of the stator flux space vector in appropriate direction, according to the demanded
torque, can result in a rapid and desirable changes of actual electromagnetic torque. It should be
emphasized that the suitable stator flux space vector will be obtained by using the optimized
inverter switching look-up table of Takahashi [1], [2], [5].

(000)=(111)

Figure 1.The changes of stator flux with the choosing switching states.

Table 1. The Takahashi’s optimized switching table.
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3. THE SENSORLESS ESTIMATION TECHNIQUES

3.1 Open-loop speed estimation
The open-loop speed estimation is based on the residual between the speed of rotor flux and
the slip speed [2]. The scheme described below uses the monitored stator voltages and currents
to reconstruct the rotor flux, torque by equations from (1) to (5).
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This scheme requires several machine parameters, some of which vary with temperature,
skin effect and saturation. Thus, the speed can only be obtained accurately if these parameters
are accurately known.

3.2 Model Reference Adaptive System (MRAS)

In a MRAS system, rotor flux vector is estimated in a reference model, which is
independent of speed, and then compared with the one estimated by using an adaptive model,
which is using speed as a parameter. The reference and adaptive model are obtained by
rearranging the equations from (1) to (4).

Reference model equations:
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Figure 2. MRAS-based speed estimator scheme

The error between two models is the input of a PI control whose output is the estimated
rotor speed, this estimated speed is used to adjust the adaptive model until satisfactory
performance obtained [2], [4]. Since the MRAS is an close-loop system, the accuracy can be
increased. However, the models contain pure intergrators, which cause inaccuration of the
estimation system because of DC drift and saturation at the outputs of the intergrators. To avoid
the problem, low-pass filters are used.

4. SIMULATION RESULTS

Two sensorless high performance drives of induction machines using DTC are simulated,
one with open-loop speed estimator and one with closed loop MRAS speed estimator. Both
systems are simulated for the first two seconds, including acceleration during starting from zero
speed to rated speed, steady state at rated speed, and deceleration from rated speed to about 10
rad/s. Load rejection tests are carried out during steady states at rated speed as well as low
speed. These tests are aimed at investigating the disturbance rejection ability of the controller
by maintaining the actual speed at the commanded value of the controller when load suddenly
increases and decreases.

MATLAB/SIMULINK is used to carry out the simulations above. This software allows
digital simulation of the systems using analogue expression of the ordinary differential
equations in the dynamic machine model as well as the controller. The numerical method for
solving the equations is Runge-Kutta method. Fixed-step mode is chosen for the computational
time interval, this will emulate the fixed sampling frequency of the real-time control. The
sampling period is lis. This sampling frequency is higher than the actual sampling frequency of
industrial DTC controllers, which is usually about 100kHz due to the limitation on the
switching frequencies of power electronic components. However, to verify the correctness of
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the suggested algorithms, highly accurate data is necessary. Nominal parameters for the test
motor are provided in Table 2.

Table 2. IM test motor parameters

Ls 0.1459H
Lr 0.1490H
. 0.1410H
Rs 1.37Q
Rg 1.1Q
Ta 26.5Nm
J 0.1(kg.N/m)
P 2
U 240(V)
Flux Reference 0.9889Wb
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Figure 3. Reference load and speed Figure 4. Roror speed with the open-loop
estimation scheme.
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Figure 5. Estimated Speed with the open-loop Figure 6. Torque response with the open-loop
estimation scheme at stabe state (Zoom F.4). schem6
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Figure 7. Roror speed with the MRAS estimation Figure 8. Transient of rotor speed when add and
remove load at high-speed
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Figure 9. Estimation Speed with the MRAS Figure 10.
estimation scheme at stabilty state. scheme.
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Figurell. Roror speed with the MRAS when replacing pure integrators by low-pass filters.

6. CONCLUSION

From the result above, the advantage and disadvantage between two schemes have been
analysed. Both open-loop and closed-loop scheme have good speed responses during loading or
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unloading, even at the low speed. The electromagnetic torque has fast responses because of the
advantage of DTC technique (figure 6 and figure 10).

It is significant that the closed-loop scheme is more accurate than the open-loop one due to
the presence of the Pl controller in the closed-loop system that balances the ripper of rotor
speed.

One of concerned problem is the swiching frequency, the open-loop system requires higher
switching frequency than closed-loop scheme because of the lack of the PI controller (figure 5
and figure 9). This can be solved by using an Butterworth filter or other low-pass filter .

Both open and closed-loop schemes rely on the stability of machine parameters for a high
accuracy. Although the closed-loop estimator is sensitive to parameter fluctuation, it is still
effected by the variation of stator resistance due to thermal effect. To solve this problem, a
thermal model of induction machine should be concerned.

By replacing the pure integrator in the MRAS scheme with a low-pass filter, the practical
implementation will be more effective because of the elimination of DC drift and saturation
problems (figure 11).

UGC LUQNG VAN TOC PONG CO KHONG DUNG CAM BIEN TRONG HE
THONG PIEU KHIEN TRUC TIEP MOMENT

Pham Dinh Truc”, Hoang Ping Khoa®
(1)Trudng Pai hoc Bach khoa, PHQG-HCM
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TOM TAT: Bai bdo trinh bay cdc phwong phadp woc hegng van t6c dimg trong diéu khién
triee tiép moment (DTC) cuia dong co khong dong bg. Hai nhém phwong phdp chi yéu dirge
ding la phiwong phadp wdc lwong van toc mach ho va phuong phdp wéc lieong vin téc mach hoi
tiép. Piéu khién thich img mé hinh dugc dimg trong phirong phdp wéc lwong van t6c mach hoi
tiép. Piéu khién thich itng mo hinh cho phép giam 161 thiéu anh hwéng ciia sai 56 ciing nhic s
dao dong ciia cdc gid tri tham s6 dgng co lén két qua wdc lwong van toc. Cdc két qua mé phong
cuia hai phuwong phdp trén sé dirgc so sanh. Dé két qua mé phong bdm sdt thuc té,cdc mach tich
phan trong b diéu khién sé dugc thay thé béi cde mach loc tdn s6 thdp trong cdc mé phong.
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