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Abstracts - This paper proposed a simple solution to the 
variable switcbing frequency and bigh torque ripples problems 
encountered in hysteresis-based DTC drives. The method 
replaces the hysteresis-based controllers with fired switching 
controller$ which operate based on the comparison between the 
error signals and the triangular waveforms. Implementation of 
these coutrollen using digital circuits is highly suitable since 
they only require Comparisons of waveforms rather than 
calculations of duty cycles or voltage vectors. Modeling and 
simulation of the DTC drives using these simple controllers are 
presented and the results show that they are capable of reducing 
tbe torque ripples significantly. 

1. INTRODUCTlON 

More than a decade ago, direct torque control (DTC) was 
introduced to give a fast and good dynamic torque response 
and can be considered as an alternative to the field oriented 
control (FOC) technique [1,2,3]. Since it was introduced, 
most of the researches camed out on DTC drives were 
mainly to improve their performance. Among the major 
problems that are usually associated with DTC drives are the 
variable switching 6equency of the power devices used for 
the voltage source inverter and high torque ripples [4,5]. 

In hysteresis-based controller with fixed hysteresis band, 
the switching frequency depends on the rate of change of the 
torque and flux (or the slope of torque and flux). This is 
because different slopes will result in a different time taken 
for both torque and flux to reach their upper and lower bands. 
The slopes depend on several factors, which are the speed, 
stator and rotor fluxes, loads and dc link voltage [6,7]. It is 
possible to calculate the extreme cases corresponding to the 
maximum switching frequency, however if most of tbe time 
the drive operates other than this extreme cases, the capability 
of the switching devices will be under-utilized. Various 
solutions have been proposed to overcome this problem. In 
[SI, a variable hysteresis bands has been proposed so that the 
bands can be adjusted to maintain a constant switching 
frequency. In [9,10,11], constant switching frequency is 
achieved by using space vector modulation technique 
whereas in [12,13,14] controlled duty cycle was introduced. 
All of these schemes have managed to produce a constant 
switching frequency but at the same time have significantly 
increased the complexity of the DTC drive systems. 

DTC drives based on hysteresis controllers also suffer from 
high torque ripples. Even with small hysteresis bands, the 
torque ripples are still high due to tbe delays in the feedback 
due to microprocessor implementations [4]. A simple solution 

to this is achieved by increasing the sampling period of the 
microprocessor as shown in [15]. A more popular solution is 
to use non hysteresis-based controllers such as the use of 
predictive control scheme [12,13,14] space vector modulation 
and dead-beat control [9,10,11]. In all these methods, the 
processor used in the implementation will be burdened with 
the calculations of the appropriate duty cycles or voltage 
vectors in order to minimize the torque ripples. It is also 
interesting to note that the various methods of torque ripples 
reduction works simply because the torque switching 
frequency is increased. In other words, if the switching 
frequency of the torque controller can be increased, then to 
some extent it can also be said that the torque ripples can also 
be reduced. In fact, it is shown in [I61 that by introducing 
dithering signals superimposed to the torque and flux errors, 
which effectively increase the torque and flux switching 
frequencies, the torque and flux ripples were significantly 
reduced. 

This papa proposes a simple method of obtaining a 
constant switching frequency and reducing torque ripples in 
DTC drives. It is accomplished by introducing a new torque 
and flux controllers to replace the hysteresis-based 
controllers. This means that the simple structure of DTC as 
initially proposed is retained. The new controllers are based 
on the comparisons between compensated error signals with 
high frequency triangular waveforms. The switching 
frequencies of the torque and flux controllers are fixed to the 
respective triangular frequency and therefore independent 
fiom the operating conditions. Implementation of these 
controllers using digital hardware is highly suitable since it 
only requires comparison of waveforms rather than 
calculations of duty cycles or voltage vectors. The rest of the 
paper is organized as follows. Section I1 outlines the 
equations for the torque and flux slopes. Section III 
introduces the proposed controllers while section N 
discusses on the selection of the controllers' parameters. 
Section V presents the simulation results of the proposed 
controllers and finally, conclusions are given in section VI. 

11. TORQUE AND FLUXSLOPES 

In order to analyze the DTC drive in terms of its switching 
frequency and torque ripples, the following induction 
machine equations Written in general reference 6ame are 
used 

-6 - R TS += + jagVf (1) 
dt " I -  s s  
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In the above equations, vt and @ are the stator and rotor 
flux linkages respectively and are given by: 

The super-script 'g' in the above equations denotes that the 
quantity is referred to the general reference frame. The torque 
and mechanical dynamics of the machine are modeled by the 
following: 

Using equations (1) - (6), in stationary reference frame, it 
can be shown that the positive and negative torque slopes are 
given by [6]: 

Equations (7) and (8) indicate that torque slope depends on 
the rotor speed, rotor and stator fluxes and voltage vectors. 
With variable torque slope, the time taken for the torque to 
reach its upper and lower hysteresis hands will also varies 
and hence resulted in switching frequency, which depend on 
operating conditions. 

If the stator resistance drop is neglected, using (3), the 
slope of the flux in stationary reference frame can be 
approximated by (9) which simply indicate that it is totally 
depends on the selected voltage vectors. 

dY - slope t - = v 
dt ' 

The slope at any instant equals the tangential component of 
the selected voltage vectors to the circular stator flux locus - 
which means that it is highly dependent on the stator flux 
position. If the stator flux lie in sector k and assuming that 
voltage vectors k+l and k+2 are selected to increase and 
decrease the flux respectively, then the positive and negative 
slope over a sector at the any instant an active voltages is 
applied are given by (IO). This is illustrated in Fig. 1. 

(10) 
for o<ecrd3 

2 
3 

slope+ -- vdC sin e 

2 2 
3 3 

slope- ---Vdc sin(O+-rr) 

Fig. 1 Selection ofvoltage vectors in sector k 

where 9 in (10) is the angle between the circular stator flux 
locus and the voltage vectcrs. The flux slope equations 
indicate that the slope is independent of the speed, flux 
magnitude and loads hut only depends on the selected voltage 
vectors. Thus for hysteresis-based flux controller, the number 
of switching of a flux controller over one cycle depends on 
the width of the hysteresis flux and also on the synchronous 
speed. 

111. PROPOSED CONTROLLERS 

The proposed controller is based on the observations 
described in the preceding section. That is, avoiding the use 
of hysteresis-based controller and performing the switching at 
high frequency in order to establish a fixed switching 
frequency and reduced the torque ripples, respectively. Both 
the flux and torque controllers are switched at regular 
intervals and are independent of operating conditions in 
particular to the rotor speed. 

A.  Torque controller 

The proposed torque controller consists of two triangular 
waveform generators, two comparators and a PI controller as 
shown in Fig. 2. The two triangular waveforms (C,,,, and 
Glow) are 180" out of phase: with each other. The absolute 
values of the DC offsets for the triangular waveforms are set 
to half of their peak-peak values. In principle, the output of 
the proposed torque controlkr is similar to that of the three 
level hysteresis comparator [I], which can be either of three 
states: -1 , O  or 1. 

The value of the instantaneous output of the torque 
controller designated by q(f) is given by (11). For a 
triangular period of Tt", its averaged value which will be 
designated by d,(t) is given by (12). 
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The task is therefore to obtain the transfer function 
between d(s) and T(s). For this, equations (7) and (8), has to 
be averaged and linearized. The torque slopes of (7) and (8) 
written in d-q components are given by: 

==-r,++;&C",v, dt mm + V q , v *  -wr.(v,v, +vrvs](15) 

Lm o r h d r W d r  +wq.w, 1 (16) - _  dTe - - 
dt ms 2 2 0 L , L ,  hM G o w  

Fig. 2 Proposed torque conholler 

B. F l u  controller 

The proposed flux controller is shown in Fig 3, which in 
principle works similar to that of the torque controller. As in 
the hysteresis-based controller, there are only two levels of 
output generated fiom the controller, i.e. 1 to increase the 
flux and 0 to reduce the flux. This implies that only single 
triangular waveform is required. For a given synchronous 
frequency, the switching frequency of the flux controller only 
depends on the triangular waveform frequency. The output of 
the controller, termed as flux error status, is given by: 

1 for Fc >Cupper 

For a triangular period of Tt", its average value is given by: 

IV. CONTROLLERS DISICN 

The controllers used for the torque and flux regulation are 
designed based on linear control system theory. For this, the 
torque and flux loops have to be modeled, averaged and 
linearized. 

In stator flux reference frame such that YqS = 0 as shown in 
Fig. 4, these equations can be written as (17) and (18). This 
particular reference frame is indicated hy the superscript 'ws'. 

The term in the above equations is the instantaneous 
stator flux angular i?equency and is given by: 

A0 my, =- 
At 

In (19), A0 is a small change in stator flux angle when an 
active voltage vector is applied for At second. This can be 
easily calculated since we know that the number of active 
voltage vectors selected over one synchronous cycle is given 
by Zagn /&, where o. is the synchronous frequency. 
Therefore 

- (2) - 0, (20) 
A' - d d  

f, 

A.  Torque controller 
It can be shown that the relation between the torque error, 

T,(s), and d(s) is equal to the reciprocal of the peak-peak of 
the triangular waveform. 

This instantaneous stator flux angular can be Written in 
terms of slip and rotor frequency as: 

(21) mshp + 0, 
q u s  =7 

qvs k, 
A------., vis 

/ 7  4. Controlla 

Fig. 3 Proposed flux eont~~ller 
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For simplicity, in this particular reference frame, two 
assumptions are made: the d components of the voltage 
vectors are zero and the load angle (angle between rotor and 
stator flux) is negligibly small. The latter implies that the d 
component of the rotor flux equals its modulus, i.e. 'I'd, = i'yd. 
Substituthlg (21) and applying these assumptions, the torque 
equations (20) and (21) can be written as: 

where A , = -  I 

% 

Equations (22) and (23) are averaged and simplified to 
give: 

(24) dT 
3 = -A,T, + B,vyd + K, (aslip ) 
dt 

Equation (24) can now be transformed to frequency 
domain and linearized by introducing small perturbation in 
T,, d and The torque, T, therefore can be written as: 

B,vYs&)+ K,Gjslip (s) 
s + A ,  

T , ( s )  = 

The term contributed by the slip frequency is relatively 
small and hence for simplicity will be neglected. The 
complete torque loop is shown in Fig 5 .  Ideally, the torque 
loop bandwidth should be as large as possible to obtain fast 
torque response. However this bandwidth and hence the 
selection of controller's parameters (proportional gain Kip, 
and integral gain IGi) is limited by several constraints, as will 
be discussed in the next section. 

It should also be noted that this simplified model only 
serves as a guide to the controller's parameters selection. A 
fine tune of the coneolla can be achieued by means of 
simulation. 

B. F l u  confroller 

According to (IO), the flux slope varies with flux position 
and repeats for every sector. For simplicity it will be assumed 
that the slope is constant during which the flux error status is 
1 or 0. Then, it is possible to obtain the average positive and 
negative slopes by averaging them over a sector. This is 
easily done since we know the number of positive or negative 
slopes within a sector is given by Nr = (2nF,i)/6@. The 
average positive and negative dope can be calculated as: 

which gives an average slope of: 

- dY = (A, - B, )d + B, (28) 
dt 

Introducing small perturbatiim in I+I and d, the transfer 
function between yf and d can be obtained as: 

Finally, the linearized flux loop is shown as in Fig 6. 

V. SELECTION OF CONTROl.LERS' PARAMETERS AND %ME 

SIMULATION RESULTS 

Simulations for both hysteresis-based and proposed 
controllers are carried out using Matlab/Simulink simulation 
package. The parameters of a 1.5 kW induction machine used 
in the simulation are given in Table 1. To simulate delays 
caused by microprocessor inlplementation, the voltage and 
currents used for flux and torque estimations are sampled 
using a sample and hold block from the Simulink library If 
the output signals of the controllers are assumed to be 
constant within a triangular period, then the sampling of the 
calculated torque and flux errors for comparison with the 
triangular is synchronized lo the peak of the respective 
triangular waveforms. 

I I 
Fig. 5 Lineanzed torquc loop Fig. 6 Linearized flux loop 
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TART F I 

Rotor resislance 
Stator self inductance 
Rotor self inductance 
Mutual inducrance 
Rated speed 

4.51 R 
306.5 mH 
306.5 mH 
291.9mH 
14lOrpm 

Pole 4 
Vd. 654 V 

The triangular frequencies of the torque and flux 
controllers are set to 20 kHz and 10 kHz respectively, each 
with a peak-peak of 100 units. Based on the motor’s 
parameters of Table 1, the numerical values of the parameters 
for the torque and flux loops are calculated and tabulated in 
Table 2. 

TABLE 2 
P*RAMLTEISFOR TtEfLUXANO T O R W  LOOPS 

351 
111 
130 
212 

For comparison purposes, hysteresis-based DTC drive is 
also simulated with a sampling time set to 20p.  

The triangular slope limits the proportional gain, &p For 
20 kHz, the slope of the triangular is 4 x IO6 ” / S .  Therefore 

is calculated sucb that the torque slopes of (22) and (23) 
times & does not exceed the triangular slope, as given hy 
(30) and (31). 

(absolute slope of the carrier)LI-A,T, - K,W,IK; (31) 

Substituting values with extreme cases into equations (30) 
and (31) gives K+,, = 57 K;p = 175. The smaller value of%,, 
i.e. 57, is selected since this will ensure that the slope of the 
signal coming out of the PI controller will not exceed the 
slope of the triangular waveform. The integral gain K,, is 
selected such the zero of the PI controller cancels the pole of 
the open loop gain. 

The integral part of the controller for the flux loop is not 
required since the open-loop gain consists of only an integral 
and a gain. If the bandwidth is too low, flux ripple at 6 x the 
synchronous 6equency (Q due to the variation of flux slope 
with flux position will appear in the flux response. The 
bandwidth of the flux loop and hence the triangular 
frequency, therefore must be set such that it is at least 7 to 8 
times larger than 6 x c. If is taken as the nominal 
frequency, than the bandwidth is 8 x 6 x (50) = 2400 Hz. 
Which means that the triangular 6equency must be set at 
least 4800 Hz. In order to minimize the 6 x fe ripples in the 
flux waveform, the triangular 6equency is set to 10 kHz. This 
permits a flux loop bandwidth of approximately 5 kHz. There 

are two limitations, which must be considered when selecting 
the proportional gain of the controller. The first limitation is 
the slope of the output of the proportional controller, which 
must be ensured not to exceed the triangular slope. At 10 
kHz, the absolute slope of the triangular with peak-peak value 
of 100 is 2 x IO6. According to (IO), the maximum absolute 
values of the positive and negative slopes are equal and occur 
at x/3 and 0, respectively - with V,, = 654V, it is equal to 
378. Thus, the maximum KQ under this constraint is 5.3 x 
IO’. The second limitation is on the closed-loop bandwidth of 
the flux loop, which must be ensured not to exceed half of the 
triangular frequency. With the help of a bode plot, it is found 
that the maximum value of KQ for maximum bandwidth of 5 
kHz is 5 x IO’. To ensure that the slope of the error signal 
coming from the proportional controller does not exceed the 
slope of the triangular waveform, the value of 5 x IO3 for Kfp 
is used. 

Fig. 7 shows the torque response of the proposed and 
hysteresis-based controllers with a f10 Nm square wave 
torque reference. The simulation results demonstrate the 
effectiveness of the proposed torque controller in reducing 
the torque ripples. Further reducing the hysteresis (for the 
hysteresis-based controller) will not reduce the torque ripple 
since the overshoot in the torque causes reverse voltage 
vectors selected, instead of zero vectors. The results also 
indicate that the dynamic torque response of the proposed 
controller is as good as the hysteresis-based controller. Fig. 9 
(a) gives a closer view of the torque as well as the triangular 
waveforms, which are compared with the output of the PI 
controller. Fig. 8 (b) shows the hystersis-based controller 
under the same condition. Fig.9 (a) and (b) show the 
simulation results of the flux locus for the proposed 
controller and the hysteresis-based controller (AyO.03 Wb), 
respectively. 
Experimental set-up to verify the effectiveness of the 
proposed controllers is under development. The proposed 
hardware implementation consists of hybrid analog and 
digital circuits utilizing Altera FPGA. 

VI. CONCLUSIONS 

The paper has presented the new torque and flux 
controllers with constant switching frequencies. Modeling of 
the torque and flux loops, which involved averaging and 
linearizing torque and flux equations, has been presented. 
From the simulation results, it is shown that the proposed 
controllers have managed to reduce the torque ripples 
significantly. Since the controllers operate based on 
comparison of waveforms, implementation using hybrid 
analog and digital circuits is highly suitable. Works on the 
implementation of the proposed controllers are under 
development. 
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(a) @) 
Fig. 7 Torque and speed response. (a) proposed controller, (b) 

hysteresis-bascd controller (AT = I Nm) 

Fig. 8 Waveforms of proposed and hysteresis-based controllers. (a) 
proposed controller - upper trace: torque, Iowcr trace: upper triangular 
waveform and and T. (b) hysteresis-based controller with AT = I Nm - 

upper trace: torque, lower hzcc: tMqUe error S-NS 

m 2m 

(4 (b) 
Fig. 9 Steady State flux locus. (a) proposed flux, @) hystercsis-based 

(AY’ = 0.03 Wb). 
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