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Abstract — In direct torque control, the selection of an applied voltage vector is based on the measured
parameters at the beginning of the sampling period. The delay between the measurement and the application
of the voltage vector is the origin of an extra torque ripple. In this paper, a new predictive controller is
proposed for compensating this delay and reducing the torque ripple. The stator current is measured twice in
each sampling period and its expected value at the end of the period is predicted according to a linear
extrapolation algorithm. Therefore, none of the machine parameters are used in the prediction, and
consequently, the algorithm is quite robust against machine parameter variations. The calculation of the
electromagnetic torque is performed using the predicted value of the stator current. Therefore, the selection of
the voltage vector is more realistic and prevents extra torque ripple. This controller is quite suitable for high
power drives where the sampling frequency is low, and there is enough time for the extra measurements.
Simulation and experimental results which confirm the ability of this method to considerably reduce the
torque ripple are presented.
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1. INTRODUCTION

Since the first development of the Direct Torque Control (DTC) concept [1-2], it has been used in many ac
drive applications [3]. This is. thanks to its simple structure, fast torque response and robustness against
machine parameter variations:.. However, a direct torque controlled motor suffers from great torque ripples
due to the fast response of thestorque. The flux and electromagnetic torque of a motor are usually
calculated using the measured stator current and voltage in a digital signal processor (DSP) to select the
proper voltage vector that should be applied to the motor by an inverter. The voltage vector is constant
during the sampling. interval, while the current varies. Due to the digital nature of the DTC control loop,
there is a time delay between the current and the voltage measurement for the calculation of the flux,
torque and application of the voltage vector. In fact, the calculation of the torque and the selection of
voltage vectors are based on measurements at the beginning of the sampling period. This delay leads to an
extra torque ripple.

Some modified controllers have been proposed to reduce the torque ripple in DTC using prediction
algorithms [4-9]. The method in [4-7] is based on space vector modulation and uses a prediction algorithm
to determine the duty ratio of the voltage vectors in the next sampling period. This goal is achieved using
the slope of the torque [4] or machine equations to calculate the torque [5-7]. All of these algorithms need
to use machine equations and some parameters like rotor time constant. In [8], an energy function is
defined and the behavior of the torque is evaluated for the next sampling period. But, its prediction
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algorithm is complex, and hence, computation time is increased. In [9], the prediction algorithm calculates
the angle of the flux vector and selects a voltage vector with a minimum angle with respect to the flux
vector. However, this method yields small improvements in the torque ripple.

Similar methods have been used to modify DTC in multi-level inverter drives [10] and its application
for other motor types [11-12]. However, the above mentioned drawbacks exist for them too.

The method proposed in this paper uses a predictive controller designed for evaluating the motor
torque at the end of a sampling period. It is shown that the fast dynamic of the stator current results in the
fast torque response. In each sampling interval, the slope of the stator current is almost constant and can be
calculated based on two measurements, one at the beginning of the sampling period and one with a
sufficient delay within the same sampling. Therefore, the expected value of the stator current at the end of
a sampling interval can be calculated through an extrapolation algorithm. Then, the predicted value of the
torque is obtained using the expected value of the stator current at the end of the sampling period.
Therefore, there is no need to use machine equations, and consequently, the method is insensitive to the
variation of machine parameters. This method is quite suitable for high power drives, where the sampling
period is long enough to provide enough time for a second cutrent measurement and the consequent
calculations. The results shown in this paper mainly deal with the compensation of the DTC delay.
However, the advantages of the proposed method are not limited to this case and can be used with other
torque ripple minimizing methods as well.

In the following sections, a brief introduction to the DTC of induction motors is presented. The effect
of control loop delay on the motor torque ripple is explained, and then the proposed predictive controller is
presented. Simulation and experimental results which justify the performance of the proposed controller
are also presented.

2. DIRECT TORQUE CONTROL

A block diagram of DTC is shown in‘Fig. 1. The basic idea is to choose the best voltage vector, which
makes the flux rotate and produce the desired torque. During this rotation, the amplitude of the flux
remains within a pre-defined band. A two-level, three-phase voltage source inverter has six non-zero
voltage vectors and two zero voltage vectors as shown in Fig. 2. Voltage vectors can be expressed:
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Fig. 1. Block diagram of the DTC method
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Fig. 2. Two-level three-phaseiinverter and its voltage vectors

Where j is the square root of -1. The stator flux vector can be calculated using the measured current and
voltage vectors:

dy
Vs _y, -RI 2
dt s STSs ()

or
¥, = [ (U, -RI,)dt 3)
Then, the torque can be calculated using the components of the estimated flux and measured currents:
Te= PPVl g~ Vgl o) @

This relation is another presentation of the original torque equation (5) [1].

T, =p_tm
O-I_SLI'

lw|w,[sin(£y,,w,) (5)

Circular trajectory of the stator flux is divided into six symmetrical sectors referred to as the inverter
voltage vectors, shown in Fig. 2. For each section, based on the torque and flux errors, a proper vector set
is proposed. Four different switching methods are proposed for DTC which are shown in Table 1 [3].
Switching method A is the most usual one and is used in this study. The proposed method is independent
of the switching methods.
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Table 1. DTC switching strategies

T Wt | T vy | . T | .Y ¥
Solution A U,, U.., U,,U, U,,U,
Solution B U,, U.., U, U,,U,
Solution C U,, U.., U, U.s
Solution D U, U.., U,, U,

3. EFFECT OF CONTROL LOOP DELAY ON THE TORQUE RIPPLE

Sequential order of the tasks in a conventional DTC algorithm and some typical waveforms are shown in
Figs. 3 and 4 respectively. The stator current is measured at the beginning of a sampling period (I&(ty) and
|s(tm)). Components of stator current (ls(tm) and 1 (tm)) and stator flux(wei(ter) and wey(ter)) are calculated
using the measured values and the torque is calculated (Te(tcr)). The voltage vector is selected based on
these calculations and is applied at the beginning of the next sampling period. A subinterval of no-
operation (NOP) (Ty;) may exist, especially in high power drives where the switching frequency is low.
Therefore, the voltage vector applied at the beginning of the next sampling period is based on the
estimated torque and flux values which use the stator current measured at the beginning of the previous
sampling period. Although the voltage vector applied is.constant during one sampling interval, the stator
current varies. This variation is the origin of the difference between the estimated torque and flux values
and those of the motor. As shown in Fig. 4, the calculated torque T e(ter) is different from the real torque
at that time (T¢(tcr)) and the error is more important at the end of the sampling period (Tg(t+Ty)) as Er.
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Fig. 3. Time diagram of conventional DTC
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On the other hand, applying a forward rotating (/zero) voltage vector causes a great jump of motor
torque at low (/high) speed because of the fast torque response of DTC. When the motor torque jumps out
of the hysteresis band during a sampling interval, the DSP may not detect it in the same period. Therefore,
the DSP continues to apply the incorrect vector in the next sampling time. Application of the incorrect
voltage vector is the origin of an extra torque ripple.

4. PROPOSED PREDICTIVE CONTROLLER

The dynamic behavior of an induction machine described by the Eq. (6) to (9) written in terms of space
vectors in a stator reference frame having a space vector model is shown in Fig. 5.

R, L Ly R,

Fig. 5. Vector model of induction motor

dy
V. =RI, +— 6
N RS S dt ( )

d .
O=R,Ir+i—ja)\|lr (7)

dt

w.=LI +LI (8)
v, =LI +L1I, 9)

After applying the derivative operator to Eq. (8) and (9), they can be rewritten as:

Ay, oL d (10)
dt dt dt
dy, dI, dI

=L —+L, — (11)
dt dt dt

The time constant of the rotor flux is usually large and the rotor flux has a small variation during the
sampling period [6]. Thus, the left hand side of Eq. (11) is equal to zero, and the variation of the stator
current can be expressed according to the variation of the stator flux as follows:

dy,
dI dt

S

dat 2
T
Lr
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_V,-RJ,
ol

S

(12)

At normal operating points, when Vs is a non-zero voltage vector, Vs>> Rdls. Therefore, the slope of
the stator current is almost constant during a sampling interval. Therefore, the basic control method based
on the prediction of the torque can be presented as shown in Fig. 6a. with a time diagram. In the beginning
of each sampling interval, the stator current is measured two times with a specific predefined delay
between these two measurements. Assuming a linear variation for the current during a sampling interval,
the expected value of the stator current in the end of a period can be extrapolated by (13):

- dI
It +Ty)= dts T, +1,(1)
It ,)—-1.(t
:wa} _tm2)+Is(tm1) (13)
m2 "~ ‘mi

This prediction algorithm can be better simplified. Using Eq. (6), since the voltage effect on the flux
variation is more important, using a measured stator current value instead of predicted values does not
generate significant error in the estimated flux. Thus, flux estimation calculations can be done before the
NOP interval between the first and second stator current measurements. This summarized prediction
method is explained in Fig. 6b. It can be seen that the NOP. interval between stator current measurements
has been removed and the time interval needed for the flux calculation plays the role of this NOP interval.

Having the predicted value of the current at the end of a sampling time, the predicted value of the
electromagnetic torque is calculated according to.the predicted value of the stator current. And finally, the
selection of the voltage vector is performed using the predicted value of the torque. It is assumed that the
DC input voltage of the inverter is constant during the sampling time.
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Fig. 6. Time diagram of modified DTC, (a): Basic control algorithm, (b): Summarized control algorithm
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5. SIMULATION RESULTS

The parameters of the induction motor used in this study are shown in Table 2. The sampling period and
the set point of the motor torque are 133 psec and 10 N.m, respectively. The torque ripple factor in Eq. 14
is used for evaluating the quality of the torque ripple [13].

1t T
- = e _1)2 14
5 \/Tl(THV 1) dt (14)

where T is the fundamental period of torque ripple.

Table 2. Characteristics of induction motor

Parameter Value

Rated Power (KW) 545
Number of Poles 4

Stator Resistance (£2) 0.18
Stator Inductance (mH) 56
Magnetizing Inductance (mH) 53

Rotor Resistance (Q) 0.50
Rotor Inductance (mH) 56
Nominal Torque (N.m) 35

Nominal Stator Flux (Wb) 0.65

In the first simulation, the operation of conventional DTC and the proposed predicting method are
compared to show the advantage of the proposed method. Fig. 7a shows the stator current used in the
calculations. In the conventional DTC, the stator current used for torque calculation is measured at the
beginning of the sampling interval and is considered constant during this interval. It can be seen that the
stator current used for calculations is different from its real value at the end of the sampling interval. This
difference acts like a time delay between the real stator current and its stored value at the end of the
sampling period in the conventional DTC. This delay is more important when the stator current variation
is high, while in the same Figure, it can be seen that using the predicting method, the values of the
predicted stator current follow.its real value at the end of a sampling interval.

Figure 7b shows this/comparison between the estimated torque values in two methods. It can be seen
that the predicted torque follows the actual torque, but there is a delay between the torque and its
estimated value at the end of the sampling period in a conventional DTC.

In the second.group of simulations, the DTC algorithm, once with the conventional estimation
method and then with the prediction technique, is applied to the induction motor. Figures 8a and 8b show
the steady state torque response of the machine at low speed (100 RPM) and high speed (1300 RPM) in
the conventional DTC. When the output of the hysteresis torque controller (OHTC) commands to decrease
or increase the torque, the torque is followed with a time delay. This leads to a great positive (/negative)
torque ripple at low (/high) speed. The values of the torque ripple factor for low and high speed is 38%
and 36%, respectively. Figures 8c and 8d show the results of using the application of the predictive
controller. In this case, there is no delay between the torque controller and the torque. In fact, elimination
of this delay is the main reason for torque quality improvement. For this case, the value of the torque
ripple factor is 19% at low speed and 22% at high speed.
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Fig. 7. Comparison between estimation of motor parameters in conventional DTC and proposed method, solid line:

real value, dashed line: estimated or measured in conventional DTC, dotted line: predicted value in
proposed method (a). d-component of stator current, (b). Torque
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Fig. 8. Comparison between conventional DTC and proposed method, Up: torque response, solid line:
real torque value, dashed line: reference torque, dotted line: estimated or predicted
torque value Down: output of hysteresis torque controller
(a). low speed operation of conventional DTC
(b). low speed operation of modified DTC
(c). high speed operation of conventional DTC
(d). high speed operation of modified DTC

OTHC

6. EXPERIMENTAL RESULTS

To verify computer simulation results, a DTC experimental test setup is implemented. The experimental
setup, shown in Fig. 9, consists of an induction motor, insulated gate bipolar transistor (IGBT) based
inverter, and a digital signal processor (DSP) based controller. Detailed characteristics of the inverter
switches and DSP are presented in Table 3. The induction motor has the same characteristics as in the
simulation. The machine currents i, and i, and the dc bus voltage were interfaced into the controller
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through an analog to digital (A/D) converter built into the DSP board. The DSP board is programmed with
a PC. The sampling time and torque reference values are 133 psec and 10 N.m, respectively.

Figures 10a and 10b show the operation of the conventional DTC at low (100RPM) and high (1300
RPM) speed. The time delay between the torque controller output and the torque is seen in both the
increasing (t; and t,) and decreasing (t3 and t4) of the torque. Using the predicted controller as shown in
Figs. 10c and 10d eliminates this delay. It can be seen that the torque follows the command of the torque
controller immediately. The ripple factor is reduced from 35% in the conventional DTC to 22% in the
prediction method at low speed. This improvement is also seen in the high speed behavior of the motor so
that the new controller reduces the torque ripple factor from 34% (in conventional DTC) to 16% (in
modified DTC).
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Drivers :D' Stage

Vdc

A 4

PWM Registers
AH | AL | BH A/D

CH| CL | BL
D/A Plrnrrrnmabbe V
Memory /0 T

DSP Core Interface
TMS 320C Unit

=

Computer

Fig. 9. Experimental setup

Table 3. Characteristics of inverter switches and DSP used in experiments

Parameters of inverter switches | Value Parameters of DSP Value
Nominal voltage (V) 600 Clock frequency (MHz) 40
Nominal current (A) 30 Maximum sampling frequency (KHz) 20
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Fig. 10. Experimental results: Comparison between conventional DTC and proposed
method, Up: torque response Down: output of hysteresis torque controller

(a). low speed operation

of conventional DTC

(b). high speed operation of conventional DTC
(c). low speed operation of modified DTC
(d). high speed operation of modified DTC

7. CONCLUSIONS

A predictive controller has been proposed which allows:the motor to operate with a lower torque ripple
than that found in the conventional DTC. This. controller predicts the stator current at the end of the
sampling interval and calculates the corresponding torque. Thus, application of the voltage vectors is
performed online, preventing application of incorrect voltage vectors. The prediction algorithm is based
on measurement and is insensitive.to the variation of machine parameters. Results show that the new

controller decreases the effect of the inherent delay in the control loop of the DTC.
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NOMENCLATURE

b g Flux vector

1 Current vector

U Voltage vector

Te Electromagnetic torque

Ts Sampling time

~ Superscript for estimated variables

N Superscript for predicted variables

pp Pole pair

L Inductance

Om Motor speed

Ve Inverter dc-link voltage

R Winding resistance

s Subscripts for stator and rotor quantities
drq Subscripts for direct and quadrate axis quantities
av Subscript for averaged quantities

o 1-Ln2/LoLs

Lm Mutual inductance
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