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CONTROL OF THE DTC-FSVM BASED
INDUCTION MOTOR DRIVE IN A WIDE SPEED RANGE

In this paper the direct flux and torque control structure based on Flux-error Space Vector
Modulation (DTC-FSVM) has been analyzed and compared to a classical DTC-SVM system. The
control structures have been tested in a wide speed range including field weakening algorithm based
on the voltage and current limits of the voltage inverter and the induction motor. The proposed con-
trol strategies are verified through simulation with a 3 kW induction motor drive.

1. INTRODUCTION

Induction motors (IM) due to their operational reliability, small size and low cost
in comparison to DC motors and permanent magnet synchronous motors, are con-
tinuously most popular among the electrical motors applied in the industry [6], [9].
However, the complicated mathematical model of the induction motor entails that
complex control methods and structures must be used to obtain the dynamic behavior
of these drives similar to classical DC motor drives with cascade control structure.
Presently the quite matured control methods, which ensure excellent dynamics of the
IM drive, are Field Oriented Control (FOC) and Direct Torque Control (DTC) meth-
ods [2]-[4], [6], [9], [13]. Both techniques can be considered as high performance
vector controllers based on the decoupling of motor flux and torque. The DTC sys-
tems, which were first introduced in the middle of 1980s, ensure a very quick and
precise torque control response with relatively simple control structure based on
hysteresis controllers for the stator flux and electromagnetic torque [3], [9], [13].
However, classical DTC method has several disadvantages, from which the most
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important is a variable switching frequency. Nowadays, apart from classical DTC
method, based on the voltage switching table (ST-DTC), some new direct torque
control techniques have been developed [4]-[6]. The overview of the DTC methods
was presented in [6].

Simple structure and very good dynamic behavior are main features of classical
ST-DTC based schemes. On contrary, the DTC techniques based on Space-Vector-
-Modulation ensure constant switching frequency, but the control structure is more
complicated and first of all contains PI controllers and requires vector transformation of
coordinate systems. In these schemes the reference voltage vector is generated based on
the torque and flux errors. This reference voltage vector is next utilized for generating
inverter switching states using the principle of SVM (Space Vector Modulation).

Recently a novel approach of the direct flux and torque control with SVM has been
proposed [12], which consists in replacing the reference voltage vector by reference
stator flux-error vector, which is called Flux-error Space Vector Modulation (F-SVM).
The stator flux-error vector is used as a main variable for calculation IGBT switching-
on times of the VSI (Voltage Source Inverter).

The effectiveness of this control concept has been tested in this paper in a wide
speed range of the IM drive system, especially in the field-weakening (FW) region. In
these tests the FW method, which ensures maximum DC bus voltage utilization is used.
Taking into account a voltage limit and a current limit of inverter and induction motor in
FW region (as in [7], [8]), a control strategy for FW-operation-based DTC-FSVM
method with maximum torque capability algorithm is presented. The control scheme
utilizes the stator flux components as control variables and decreases the d-component
of the stator flux as soon as the voltage corresponding to the maximum torque achiev-
able at a given speed tends to exceed the maximum voltage.

2. PRINCIPLE OF THE FLUX-ERROR SPACE VECTOR MODULATION

The stator flux vector control method relies directly on the Faraday’s law. Under
space vector theory, this law can be written as, u,,, = Tydy, /dt , i.e. the rate of change

of the stator flux vector W, is equal to the induced voltage vector (u,,, ). If stator

winding resistance is negligible, the induced voltage is equal to the applied stator
voltage (u,).
In discrete time domain, this equation can be interpreted as

A‘I’S:uST—;‘/T :uSTS’ (1)

where, T, is a sampling time period in [s] and 7, =1/€, is the nominal time constant

in [s], therefore 7, is defined as relative sampling time period in [p.u.].



A vector displacement Ay is based on an error between actual ) and pre-
dicted y;,;, stator flux vectors (Fig. 1a) [12]; it can be obtained by applying a volt-

age vector u; for a time 7, (Fig. 1b). In three phase voltage space vector controlled
VSI, the stator flux-error vector can be defined as:

Ay, =uir, = (uRT;2 +u,7; + uor(')) , ()

where: u,,u; are the right and left adjacent active voltage vectors in a given sec-
tor; u, — the zero voltage vectors; 7y, 7, 7, normalized (7' =¢/T),) switch-
ing-on times of the right, left and the zero voltage vectors respectively.

In Fig. 1, the stator flux-error vector can be defined by modulus Ay’ :‘A\yj

and argument y,. In a steady state, with the assumption that stator flux y, and

stator frequency are constants, the stator flux-error vector components can be cal-
culated as:
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Fig. 1. Trajectory of the stator flux-error vector: a) definition of the stator flux-error vector,
b) stator flux-error vector in specific voltage sector



For a small value of the sampling time interval, the product @z, will be very
small. Therefore, sin(% a)srsj ~ %a)srs . For example, at angular velocity o, =1 [p.u.],

if sampling time period 7, is 1 ms, then the difference between actual value

N

sin(% a)srsjand its approximation %a)sz's is less than 0.2%. So, the stator flux-error
modulus in equation (3) can be simplified as:

Ay, =0y, )

Similarly to the well know Voltage Space Vector Modulation (V-SVM) method, with

reference stator voltage vector as an input information, in Flux Space Vector Modulation
(F-SVM) method the stator flux-error Ay’ can be used as an input information.

In the presented F-SVM, three operation regions are used (like in V-SVM strategy):
linear region, overmodulation (divided into region I and region II) and six-step mode.
An operation region is defined by modulation index (6):

_ Ay

i
e 2-sudc

where, Ay — stator flux-error vector module; u,, — DC link voltage.
Operation regions dependent on modulation index values are shown in the Table 1.

Table 1. Operation regions dependent on modulation indexes

Operation regions

. Overmodulation )
Linear - - Six-step
Region | Region I1
0< M, <0.907 0.907 <M; <0.952 0.952< M, <1 M, =1

In the linear operation region, switching-on times can be calculated as follows.
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Fig. 2. Flux-error vector modulation in the linear region

In the Fig. 2 an illustration of the Flux-error Vector Modulation in the linear re-
gion is given. The overmodulation and six-step operation modes are used in the drive
system to enable the full DC link voltage utilization of the converter (details on the
overmodulation algorithm was shown in [13]).

3. DIRECT TORQUE CONTROL
WITH FLUX-ERROR SPACE VECTOR MODULATION

In the closed-loop flux and torque control methods based on Stator-Flux-
Orientation (SFO), the reference stator flux vector is used, therefore its angular fre-

quency, @, =@®,, +®, (or position angle, y, =1/Ty Ia)ssdt) must be known. The

S,

mechanical speed, @, can be received from the encoder (or well-known speed esti-
mators), so only slip speed must be estimated. There exist different methods for slip
speed estimation, which are presented in the references [9], [13]. Thus, the stator flux
vector position can be presented as:

Ves = yss(k—l) + A}/ss ’ (8)
where: y ;) — previous angle position in the last sampling time,
Ay, =Ay™ + Ay®™ — change of the stator flux vector position angle in the

current sampling time,
Ay*™ — stationary change of the stator flux vector position angle,

Ss

Ay®" — dynamic change of the stator flux vector position angle.

S5S

General stator flux vector movement and its components are illustrated in Fig. 3.



Fig. 3. Stator flux vector position components

The predictive direct stator flux vector control algorithm is proposed in [1], which
is equipped with one PID controller. The aim of the controller is to estimate the slip
angle, Ay, . Another predicted value is a mechanical speed, @ which multi-

'm predic °
plied by a sampling time, 7,, makes mechanical angle, Ay, . As a result, change of

the stator flux vector angle can be obtained as a sum of the mechanical and slip angles,
Ay =Ay,, +Ayy, and stator flux vector position (8) can be obtained as:

7/:5' = }/ss(kfl) + A}/m + A)/slip . (9)

Block diagram of this algorithm is shown in Fig. 4.
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Fig. 4. Prediction of the shifted stator flux vector angle

In the reference [11] authors proved that derivative of the electromagnetic torque
is proportional to the instantaneous slip angular frequency, which means we can use
a PI controller to control the slip frequency in order to control the electromagnetic
torque.

In the case of closed-loop flux and torque control and under constant flux

(y, =const ), the stator flux vector position angle y. can be calculated as:
t 1 t
7 =—[odi=—[(o,+0,)d (10)
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Many schemes used this idea for calculation of the synchronous speed @, or sta-
tor flux vector position angle y. [6, 12] (Fig. 5).
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Fig. 5. Slip angular frequency generated by torque controller

Therefore, the flux position angle can be rewritten as:
1 1
7:5:_ a)mdt+_ w:dtzymk—l +A7/m+A7/sli (11)
TN _([ TN _([ ( ) P

In the steady-state, under discrete time domain, the stationary angle position
changes can be calculated as:

Ay =t . (12)

When the load torque changes, predicted flux vector position angle
v =Ty J(a)m + ), )dt deviates from the actual position angle y, =1/Ty I (0, + o, )dt

dyn ,
ss *

and thus the dynamic angle referred to the torque change is produced A, = Ay
¥ 1 L
AYEN =y —y =T—j(a)r — o, )t (13)
N

Equation (13) shows, that we can obtain the dynamic position angle by a PI control-
ler from difference of the slip angular frequency, ., = ®; —, [5, 10] (see Fig. 6).
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Fig. 6. Dynamic flux vector position generated by slip controller
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In the Fig. 6, slip calculation blocks are based on the following expression [9]:

o, =—"m,. (14)

To choose the best scheme for stator flux vector position generating, in this section
all presented schemes are tested and compared under steady-state and dynamical
modes, in a wide speed range. The simulation results for above schemes in high speed
region are presented in Fig. 7, for step changes of the load torque (from 0.5s to 0.7s
the load torque is reduced 50% from the previous steady state value.)
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Fig. 7. Simulation results: torque (al—c1), flux (a2—c2), stator frequency (a3—c3) and speed (ad—c4)
transients under load torque changes

These simulation results show that the dynamics of the third scheme (Fig. 6) is
very good. As a result, stator flux, electromagnetic torque and speed quickly respond
to the reference or load torque changes if compared with other schemes (see Fig. 7¢).
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According to the above analysis, the block diagram of the DTC-FSVM structure
was next tested, presented in Fig. 8. This structure includes the calculation of the sta-
tor flux position angle according to the scheme in Fig. 6, due to its best dynamical
performance. Additionally the field weakening algorithm with torque limit was used in
the chosen DTC-FSVM structure.
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Fig. 8. Chosen DTC-FSVM control of IM drive
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Fig. 9. Control characteristics of the induction motor in constant and weakened flux regions

The operating speed range of the IM drive can be divided in three sub-regions:
constant torque region (w, < @, ), constant power region (@, <, < ®,.) and con-

stant slip frequency region (@, = ,.) [6], as is shown in Fig. 9 (where w,,, ®, are
base and critical stator angular speeds).
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In the block scheme of Fig. 9, the Torque-Maximized Field Weakening (TMFW)
algorithm described detail in [7], [8] is used. In this algorithm, only mechanical speed
(@, ) and DC link voltage (u,, ) are input variables, therefore it is not dependent on

the reference frame (RFO or SFO) chosen for its development.

4. TEST RESULTS

In the following figures, simulation results are presented to show the comparison
between two DTC structures under the same MTFW algorithm and operation condi-
tions, such as voltage, load torque and reference speed. The test results for the clas-
sical DTC-SVM structure (with V-SVM) are plotted in the left hand side of each
figure, while the results of the DTC-FSVM scheme are presented in the right hand
side, respectively. All tests were performed for 3.0kW, 1400 rpm induction motor
and following per-unit parameters: », = 0.0707, r. = 0.0637, x, = x, = 1.9761,
xy = 1.8780, w,ny = 0.8 (calculated according [12]. Simulations were performed for
the same voltage and current limit constraints (u,,,, =0.64 [p.u.], i, . =1.5 [p.u.]),

thus the value of the base and critical speeds were obtained as @,,;, =0.55 [p.u.] and
0,. =127 [p.u.].

0.74 0.76 0.78 0.8

Fig. 10. Simulation results: start up, steady state at @, = 0.52 [p.u.]
and breaking cycle in both directions: (a, b) reference and motor speed, load and motor torque,
(c—f) zoom in the speeds and torques at steady state
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In Fig. 10 simulation results under linear speed reference ramp start-up and steady
state at @, =0.52 [p.u.] speed (constant torque region), for maximum load torque
m, =m, and breaking cycle in both directions are shown.

In the next Fig. 11 simulation results under linear speed reference ramp start-up
and steady state at the speed @, =1.0 [p.u.] (FW region I) and breaking cycle in both
directions are presented. Maximum load torque satisfies constant power condition,
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Fig. 11. Simulation results: Start up, steady state at @), = 1.0 [p.u.]
and breaking cycle in both directions: (a, b) reference and motor speed, load and motor torque,
(c—f) zoom in the speeds and torques at steady state

It can be seen from Fig. 10 and Fig. 11, that speed and torque transients of the
DTC-FSVM scheme are much smoother then for the DTC-SVM scheme.

Next, the simulation results for the FW region II are presented in Fig. 12. In this
test, linear speed reference ramp start-up, next steady state operation at the speed
o, =1.8 [p.u.] and then breaking process, with maximum steady state load torque equal

0.175 [p.u.] were applied for both DTC systems.

Under these operation conditions, the load torque is close to the torque limit (see
Fig. 12e, f), therefore the PI controllers are working in nonlinear mode. As a result,
both systems will be working in the overmodulation mode. Operation under over-
modulation mode and saturation of the PI controllers cause that the DTC-SVM drive
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cannot obtain maximum torque generation and reference speed also (see Fig. 12¢). In
comparison, the DTC-FSVM can work in dynamic mode, so in this test the VSI oper-
ates in six-step mode at steady state and system can obtain the desired speed value
(see Fig. 12d).

So it is clearly seen that DTC-FSVM control structure with the flux position angle
calculated according scheme of Fig. 6 give much better dynamical and static perform-
ance in the torque and speed control in the whole speed range, including overmodula-
tion and six-step mode.

1.8/ w;,
1.7 h

N

0.15

0.25 -
0.2 / ]

0.15,""

3
2
0.25 -
me miim
0.2 / >/
2

_Tmeflsl_._._._._._i . _._._Tmels]_ _ _ _._._

Fig. 12. Simulation results: ramp start up, steady state at @, =1.8 [p.u.]
and braking for two structures: (a, b) reference and motor speed, load and motor torque,
(c—f) zoom in the speeds and torques at steady state

6. CONCLUSION

In this paper, the analysis of the flux-error space vector modulation (F-SVM)
and three difference concepts of the flux vector position generation in the DTC-
-FSVM control structure of the induction motor drive are presented. The coordi-
nate transformations, PI torque and flux controllers, which are specific for the
classical DTC-SVM (with voltage space vector modulation) are eliminated and
only one PI controller for slip speed is used. So, the presented configuration is
very simple. In this control structure the torque-maximized flux weakening
(TMFW) algorithm can be used and applied for advanced high speed applications
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of VSI-fed IM drives, as for spindle and traction application. Test results shown
that, the obtained drive systems can operate in a very wide speed range and have
excellent torque response as well as smooth transients in the whole range of speed
if compared with classical DTC-SVM structure.
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