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Abstract:

In conventional direct torque control (DTC), the stator flux is usually kept constant by controlling the x-axis component
of the stator voltage in the stator flux reference frame. The torque is then controlled by the y-axis component of stator
voltage. In this scenario, the stator current does not exceed its permissible value. However, in the so-called optimal
efficiency mode, the induction motor operates with reduced flux-level at light loads. The reference flux increases with
the increase in the load torque. Consequently, stator current overshoots from its threshold, and the inverter’s rated
power needs to be increased. When the load torque increases suddenly, speed will drop significantly as the flux level
had been initially reduced. In this paper, the origin of this phenomenon and the overshoot current are described using
the equivalent circuit model of an induction motor. A current limiting strategy is then proposed for the DTC drive with
a torque controller. Also to improve dynamic response, an algorithm for optimum distribution of stator current is
developed that includes flux and torque components. This algorithm produces the maximum feasible output torque and
minimizes the speed drop. Numerical simulation verifies the efficiency and efficacy of both proposed methodologies.
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1. Introduction

Direct torque control (DTC) of induction machines

allows a decoupled control of flux and torque, and
provides fast and robust operation of the drive [1-3,
28]. Classical DTC decouples the control of flux and
torque using hysteresis control of flux, torque error,
and flux position. A switching look up table selects
voltage vectors feeding the induction motor. To
address the drawbacks of classical DTC, a voltage
modulation scheme replaces the look-up table for the
purpose of voltage vector selection [4]. The modulation
scheme is essentially based on the well-known space-
vector modulation (SVM) with a constant switching
frequency [5].
PI controllers can replace hysteresis controllers to
generate the direct and quadrature components of
voltage from stator flux and torque errors, respectively
[6]. This leads to good transient performance,
robustness and reduced torque ripple. In recent years,
DTC-SVM is applied to multilevel inverters for higher
power applications [7], [8].

Another important objective in induction motor drive
is to achieve maximum efficiency. Numerous operation
schemes have been proposed for the optimal choice of
the flux level for a given load [9,10, 29]. These
techniques can be divided into two categories. The first
category is the loss model-based approach [11]- [13],
which computes losses by using the machine model,
and selects a flux level that minimizes the losses. The
second category is the search controller technique [9],
[14], [15], in which, the flux is decreased until the
input power settles at the lowest value for the given
torque and speed. Regardless of the loss minimizing
technique employed, the induction motor will always
operates with reduced flux level at light loads [16],
[17].

A particular challenge in DTC-SVM drives with a
torque controller would be to limit the stator current in
case of a sudden load change and avoid current
overshoot and subsequent overdesign of the inverter.
Thus, it is highly desired to study the current overshoot
phenomena and propose a suitable current limiting
strategy. As well as in DTC-SVM drive with a speed
controller, the challenge is to achieve the minimum
time response or drop in speed if a sudden increase in
load happens.

Furthermore, the maximum available stator current is
limited by the inverter rating. Therefore, the problem
reduces to determination of the optimal subdivision of
the available maximum stator current into the flux
producing and torque producing current components,
such that the maximum dynamic torque is produced
while, at the same time, the rated flux is re-established.
Optimum efficiency controller is normally disabled
during such transients and the current subdivision
components are determined according to a certain
algorithm.
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The simplest approach, that preserves decoupling the
flux and torque production, is to retain the existing
value of the flux-producing current component, and use
the remaining inverter current capability to maximize
torque [18]. This method is, however, characterized
with very slow transient response. In an alternative
method, it is recommended first to use all of the
available current to produce flux, such that the change
in torque is initially zero. Once the flux is built up, all
of the available inverter current is channeled into the
torque-producing current component [19]. This
strategy can support much higher transient torques.

An optimal dynamic stator current distribution is
presented in [20]. The criterion used is to minimize the
speed drop due to the sudden increase in load torque.
This strategy improves the torque response, but the
stator current components are functions of the load
torque. Another control scheme for robust flux-
weakening operation of DTC drive is proposed in [21].
The basic idea is to adjust the flux reference on the
basis of the torque error. In this method, it is necessary
to estimate the maximum torque that the induction
machine can generate at any speed. A dynamic over-
modulation strategy for fast dynamic torque control in
DTC-hysteresis-based drive is proposed in [22]. To
achieve the fastest dynamic torque response, the
voltage vector that produces the largest tangential
component to the circular flux locus has been used.
Alternatively, this paper strives to achieve the fastest
dynamic
Torque response and to minimize the speed drop.

The paper is organized as follows. The principles of
DTC-SVM is described in section 2. Using the static
and dynamic models of induction machine, the stator
current overshoot is identified and analyzed in section
3. Proposed algorithms to limit the stator current and
minimize speed drop are presented in sections 4 and 5,
respectively. Simulation results verify the effectiveness
of proposed techniques in section 6.

2. Principles of DTC-SVM and Loss

The block diagram of DTC-SVM with optimal
efficiency control is shown in Fig.1. The reference
value of the stator flux is generated from the optimal
efficiency control block. The optimal efficiency control
is adopted from [23]; the optimal flux is function of
reference speed and torque. The torque reference is
generated by the PI controller from the speed error
term. The inverter’s voltage commands are provided by
the PI controllers that regulate the flux amplitude and
torque. The reference voltage components are
generated in an arbitrary reference frame, hereafter
referred to as the stator flux-oriented frame. The x-axis
of this reference frame is aligned with the maximum of
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stator flux, and the y-axis component of the stator flux
is zero.

In DTC drive with optimal efficiency mode of
control, the reference flux must be changed in

accordance with the changed in load torque. When a
sudden change in load torque occurs, the flux cannot be

) .
7 | Optimum Flux | ¥s(opr) .
Calculator -

TT Wy
a)r(ref‘ PI e(ref’) _E—\/-

T

adjusted immediately, and it will be done with delay.
During this transient time, the DTC drive is able to
produce torque proportional to the instant stator flux
and y-axis current component in the stator flux-
oriented reference frame.

14 ac
PI |'» Vg % $
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Frame Vsq Block [/ Inverter
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-

Fig. 1. Block diagram of DTC-SVM and loss minimization

3. Dynamic Model of Induction Motors

Using the stator flux-oriented frame (Fig. 2), the
dynamic behavior of the induction machine is
characterized by [24], [25], [26]:
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Fig. 2. The stationary reference frame and x-y
reference frame fixed to the stator flux-linkage space

phasor
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Where V.

sX

Viyand 7,

wx»Vyy TEpreEsent stator and rotor

voltage components respectively. iy, igand i,., iy,
are stator and rotor current components respectively.
Vs Wyand w,., vy, are stator and rotor flux
components respectively. y, is the value of stator
flux. R, R, represent the stator and rotor resistance.
Ly, L, and L, are the self and mutual inductances.
w, 1s the slip angular speed expressed in electrical

radians, w,,, is the speed of stator flux-oriented frame,

ms
and w, is the rotor angular speed expressed in
electrical radians. T, is the electrical torque and P is
the number of pole-pairs

If the leakage inductance of stator and rotor are
neglected then: L, =1;,. =0, L =L, =L, . According
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to (5) and (7) results: v, ~y,,, and using (6) and (8)

result:

10
‘//ryzl//sy=0 (10)

S 11
Iy, =iy, an

If the induction motor operates at constant flux
condition , y, =y, Scte, SO:

VS’X = RSiSX (12)

Substituting (10) in (3) gives:

11

i =0 (13)

According to (5) and (13), one may have

Vs =Vex = Lglgx (14)

According to (12) and (14), a linear relation exists
between V,,,i, .y, . According to (2) and (9), a

linear relation exists between Vipsigy» T, at the constant

flux condition. Thus, with a constant flux, the stator
current does not have any overshoot. However, an
induction motor with optimal efficiency control has a
variable stator flux. Therefore, the stator current
overshoots from its permissible value. It will be proved
in the next section.

3.1. X-Y Axis Equivalent Circuit

By using (1)-(4), equivalent circuit of the induction
motor in stator flux-oriented frame is shown in Fig. 3,

where i, and i,, are magnetizing current

components.

3.1.1. Analysis of X-axis Component of

Stator Current (')

According (6), the y-axis component of the stator flux
is zero in stator flux-oriented frame . Therefore, the
voltage source in the left part of x-axis equivalent
circuit in Fig. 3-a, (@ ,,, ¥ ,,,) is short circuit. If leakage

inductances are neglected, according (10), the y-axis
component of the rotor flux is zero too. So the voltage
source in the right part of x -axis circuit in Fig. 3-a,
(@) is short circuit. Therefore, the x-axis

equivalent circuit simplifies as shown in Fig. 4.
The X-axis equivalent circuit is a resistance-inductor

circuit, so if the voltage source Vix changes suddenly,
the current will overshoot. Besides aaccording to Fig.1,

Vixis the output of PI controller, where the flux error is
the input of PI controller. Therefore, if the reference
stator flux increases (for example at instant t=0+),
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Vix suddenly increases to the maximum available
value. Thus, the x-axis component of stator current
overshoots at t=0+, where the reference stator flux
increases. The rate of this overshoot will be presented
in next section.
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Fig. 3. Equivalent circuit of an induction motor: (a) X-
axis, (b) Y-axis

R, .
i l
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Fig. 4. Simplified x-axis equivalent circuit

3.1.2. Analysis of y-axis component of stator
current (i, )
According to (11):

——

(15)

Therefore, v,,, =0 and the y-axis of equivalent circuit

y+ i, =0

of Fig. 3-b, can be simplified as Fig. 5

R @y (Lmi.v.\‘) @y (Lmisx) R
—W +I F 1 I* / +
+ — > + -
g & imy:()i , o v,=0

Fig. 5. Simplified y-axis equivalent circuit
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According to Fig. 5, the relation between ¥, and i,

can be written as:

Vsy =Rylgy + Oy (Lypigy) = Rsisy + Oy sx (16)

If the stator flux is at its nominal value, and the
reference torque changes, then the reference
V,,suddenly increases to its maximum available value.

is, reaches its nominal value and based on (9), the

torque reaches its reference value. Therefore, the stator
current does not have any overshoot and is limited to
its nominal value.

If the stator flux is smaller than its nominal value, and
the torque reference changes to nominal value, the 7,

reference suddenly increases to the maximum available
value that is equal to its nominal value, Based on (16),

iy, exceeds its nominal value. Therefore, the stator

current exceeds its nominal value. For example,

suppose the nominal values of i , i;, and i, are 20,

11 and 17 amperes, respectively. Suppose the induction
motor operates at light loads and, to optimize
efficiency, the stator flux is set to 60% of its nominal
value and i, is about 6.6 amperes. When the motor

load changes to its nominal value, according to (9), iy,

reaches 28.5 amperes. Therefore, the stator current
reaches 30 amperes, which is equal to 150% of its
nominal value.

3.2. Stator Current Overshoot with
Dynamic Flux

In order to find the stator current overshoot, it is
assumed that the motor drive system works under an
initial stator flux w,(0) and a generate torque 7, ,

then the stator flux references changes to a new
value yg .oy - Using the dynamic model of the

induction motor, the initial transient value for i, is
obtained as follows (appendix A)

1,(0) = i) +i2,(0) =

ws(0)+KpA'//s 2+ Te(rep) ’ 17
L, R, 1.5Py(0)

where i(07) is the initial overshoot of the stator

current and Kp is the proportional gain of the PI flux
controller.

For the motor drive system of Fig. 1 with parameters
R, =035 L, =0086, K, =50, K; =500, using (17),
the current overshoot for three states with different
values of initial flux y(0) is given in Table I. It is

assumed that, the stator flux ¥, is changed from the
initial value y;(0) to new value, s . For example,

in the third state, the drive works under 40 N.m torque,

144

the stator flux ¥'s has increased from 0.5 to 0.8 (Wb),
and the stator current amplitude is 50 A .

Table. 1. Stator Current Overshoot value during change

in flux
Transient Stator
No. VO | Vi) | T, Current Overshoot
i (07)
Statel 0.0 0.8 0.0 114
State2 0.8 0.5 10 33
State3 0.5 0.8 40 50

4. Proposed Current Limiting
Algorithm

The DTC-SVM drive with torque controller using a
conventional optimum flux calculator is shown in Fig.
1. The reference flux must be changed in accordance
with the change in load. Therefore, the stator current
amplitude exceeds its rated value, and the inverter’s
rated power must be increased. In the proposed strategy
here, the reference flux is applied to SVM-DTC as a
ramp instead of in step form. The proposed reference
flux is shown in Fig. 6. It is noteworthy that, if one
uses a steep slope, the current will exceed its rated
value. Otherwise, if the slope is smooth, a long time is
needed to achieve the flux reference. Therefore, there
should be an optimum slope. In the following, an
algorithm is developed to calculate the optimum slope.

Wy(ref)

vs(0)

Fig. 6. The proposed reference flux.

According to Fig. 6, the new reference flux can be
written as:

Vs(ref)®) =y (0) + mtu(®) —m(t — d)u(t —d) (18)

where, u(t) is the unit function, d is duration of ramp
and m is the slope given by:

= stre) ~ys(0) _Ays
d d
Laplace transform of (18), can be written as:

(19)
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‘//s(o)_'_ﬂ(l_e—ds)

l//s(ref)(s) = P 32 (20)

V.. can be obtained from PI controller of flux error as:

Vex(s) = Kp (Ws(ref) () —w(s)

K.
+ Tl(l//s(ref)(s) - l//s (S)) (21)
According to (21) and (A2)
(59~ O Ve Ky 4 O, (22)
* (s* +5K, +K})
WS(S)=WS_((D+ m___m (l_e—ds)
s 52 s? +5K, +K;
_ ‘//S(O)_'_(ﬂ_ ky  kq j(l_e—ds) (23)
s s2 s+As+B
Where:
- (24)
K, +yKp —4K;
A=
2
2
B K, —,IKP —4K;
2
s = m ey = Am
B-4 -B 25)
From (23), the stator flux can be found:
() =y (0)+(mt—kye ™ —kye B yu(t)
—(m(t—d)—k3e_A(t_d) —k4e‘B("d))a(t—d) (26)

By substituting (26) in (Al1), the iy, for0<s<d can
be written as:

v () m  mit [k_s_A’% Je—At

L, R L, \L, R

(ke B )
L B

isx(t) =

r m m r

27

m

Then, according to (27):
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RN ST
L, R L, R,
(28)
_| ks _Bks|_y,(0)
Lm Rr L”’l

Therefore, i;, does not have any overshoot when the
new reference flux is applied. According to (27), the

maximum value of “sxoccurs at t=d:

k Ak
i (d)= M+l_(_3__3]e—/1d

L, R \L, R
(29)
_[ ka4 _ Bk | -pa
L, R,
By substituting (25) in (29):
o (d)= 220D M p (30)

m r

where

m 1 A —Ad 1 B —Bd
P= || —— 2= | —— =
A-B {[Lm R, ]e (Lm R, Je ] D

According to (24), A is smaller than B. Therefore, P is
negative and

i (d) <@+;’—’

m r
On the other hand, the i should not exceed the
maximum permissible value. Therefore:

(32

. Vs(ref) m
Lx(max) = T3~ (33)
sx(max) L, R,
and
. Vs(re
m=R, [lsx(max) - L( /) } (34)
m
where:
Lix(max) =y iizm(nnx) _iszy (35)

where i,y 1 the maximum amplitude of permitted

inverter current.
According to (9),(34) and (35):

2
_ .2 1,
m=Ry \/linv(max) - ( 1.5Py J

The adequate ramp for flux reference can be

determined by using R’, L’”, T‘f’, l//s(ref), Vs and

iinv(max) in (36)
The block diagram of proposed method is shown in
Fig. 7.

_Ys(ref)
Ly,

(36)
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Fig. 7. Block diagram of proposed current limiting algorithm

5. Minimizing Drop in Speed

In a DTC-SVM drive, with a speed controller using
the conventional optimum flux calculator in Fig. 1,
when the induction motor drive operates at optimal
efficiency, the flux level is reduced for small values of
load torque. In this condition, a sudden increase in the
load torque can lead to severe speed drop. In this
section, an algorithm is proposed to minimize the speed
drop in the DTC of an induction motor, when load
torque suddenly increases. To do so, first the electric
torque of the induction motor is formulated as a
function of the rotor flux and maximum allowable
inverter current. Then, the optimal flux, that minimizes
the speed drop, is obtained. It will be used as a flux
reference.

5.1. Torque Formulation of Induction
Motor

The electromagnetic torque of induction motor in rotor
flux-oriented frame can be calculated as [24]:

3PL,, .
T, = I%lqs (37)
L L .
here ™ and ™ are respectively, rotor self and

mutual inductances, P is the number of pole-pairs,

: lgs .
Yr s the value of rotor flux, and 95 is the stator
current component in g-axis. The rotor voltage, in rotor
flux-oriented frame, can be expressed as:
dy,

0=R,.i +2¥r
T dt

+j(a)mr _a)r )‘7}" (38)

Where ¥7 and % are the space phasor of rotor flux
and current respectively in rotor flux-oriented frame,
respectively, R, represents the rotor resistance, w,is

£

the rotor angular speed expressed in electrical radians,
and w,, is the speed of rotor flux-oriented frame. By
using d-axis component of (38), the change in rotor
flux can be expressed as:

dy,
dt

=R,y (39)

The space phasor of rotor flux can be calculated as:

Wy =Lydy + Ly (40)
By using d-axis component of (40), the d-axis
component of rotor current, iy, can be found as a

function of y, and d-axis component of stator current,
Ids .

. L,

ldrzl//r Lmds (41)
r

Substituting (41) in (39), d-axis component of stator

current can be calculated as a function of rotor flux:

Ly _dy,  ¥r

igs = (42)
R.L, dt L,

The maximum allowable inverter current, i;,,(my) > 1S

distributed into the d-q axis current, such that during
transients:

o [2 2
lgs = v tinv(max) ~ 'ds (43)

Substituting (42) in (43), the g-axis component of the
stator current can be calculated as a function of rotor
flux:

Lr _dvy Vry2

N ) .
lqs - \/linv(max) - ( Rer dt Lm (44)

Substituting (44) in (37), the electromagnetic torque
can be calculated as a function of rotor flux:
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3PL L, d .
T = "y \/'2 _(_’ﬁ+ﬂ)2 (45)

> l;
e I r 4| “invW(max) Rer dt Lm

”

5.2. Analysis of Speed Drop

Let an induction machine operate in the steady
state at light load, with reduced stator flux levels and
optimum efficiency. A sudden load torque increase
happens, at time instant zero, leading to the operation
of the inverter at maximum allowed current value
Iimmax) - During transient time, the machine’s speed
drop can be defined as:

1
0= (T, =T )M (46)

Where J is the total inertia of the drive, and 7, and
T; are the electrical and load torque respectively.
Substituting (45) in (46), speed drop can be written as:

3PL,
= —[(
- (47)
> L, dy
: - T,
‘/lm‘(maX) (Rl‘Lm dt m ) ) ]
The discrete form of (47), can be expressed as:
3PL,,
= —[( vy (n)
}"
i2 —( L, y,(m)-y,(n-1) ‘/’r("))Z
inv(max) Rer At @ 48)
—T7 1At

The optimal value of w, (rn) for minimizing Aw can be
calculated as:

dAw
dy,.(n)
From (49), v, (n) can be calculated as a function of
wyr(n=1),

(49)

w, (n—1)(6B+3DAt)+VE

v (n)= 5 (50)
8(CAt” + DAt + B)
Where:
2L, (51)
A= Zm\{nnx) , ) F
r=m
(52)

E =y, (n—-1)(4B* +4DBAr +9D>At* —32CBAr?)
+8A4At* (4CAt> +4DAt +4B)

If the rotor flux is equal to w,(n) in (50), it is
guaranteed that the produced torque will be the
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maximum feasible torque, when the inverter current
will not be more than the maximum allowable current.
Therefore, the speed drop will be minimized. The
stator flux is used as the reference frame in DTC-SVM
drives, and its amplitude is regulated. Therefore, the
w,, 1s formulated as a function of the rotor flux v, .

To achieve this , the stator flux phasor is written as:
(53)

Solving (40) and (53) with respect to rotor and stator
currents, the rotor current phasor, i, is found as a

Vs = leTs +LmlTr

function of iy, and i, . Then substituting in (38), it is

obtained:
dy, Ry . _ R.Ly _
—L=A—L+ j(oy, - +
s [O'Lr HOpy = @)W ol,L, Vs (54)
12
where o =1-—2— is the leakage coefficient. The d-
s=r
axis component of (54), is expressed as:
dy, R, Ry Ly
= + 55
a ot " oL (55)

Where y,, and y, are the stator flux components in

rotor flux frame,
expressed as [24]:

respectively. The torque can be

T=3PL
OLgLy

7 X s (56)

Equation (56), can be expressed in the rotor flux
reference frame as:

L
T=3p—™ x
I Yy XW¥qs

ST

(57)
By using (55) and (57), ¥4, and Wgs can be obtained

as a function of y, and 7, . The discrete form of these

equations can be expressed as:

L, o, y,(m-y,(n-1), O
n)= n)+—-—"————-r—
W, (1) L (n) R A )
vy = el Te() (9
® PLy, - (n)
So the magnitude of stator flux, ., is:
Vs 0= (a0 + v 5> (n) (60)

Finally, to obtain the proper stator flux and torque
references to minimize the speed drop, the algorithm
depicted in Fig. 8 can be used in every step.
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Accordingly, first by using the value of y,(n—1) and
(50)-(52), w,(n), and then by using (58)-(60), the
corresponding value of s, is obtained. Further,

V11—
| Eqs50.51.5 |
|
Yo A
Eq.45 |
|
Yvy L/
Eq. 58, 59,60 T ers)
l//s(ref.s)

Fig. 8. An algorithm to minimize speed drop

P I7CS N

Te Speed

Predefined % Algorithm [ 7

N |-

using (45), and considering the maximum permitted
current, 7, is obtained and applied to the system.

Therefore, the maximum torque is generated and
minimum speed drop is achieved, while the inverter
current does not exceed its maximum permitted
value.Fig. 9 shows the block diagram of proposed
algorithm for minimizing the speed drop, when sudden
load torque increase, in optimal efficiency control
operation. The dynamic state detector, using the speed
error, distinguishes the status of load torque changing.
If @, <0.950,(,) , it means that the load torque has

suddenly increased. Then, speed drop minimization
algorithm is activated, y ., and T, are calculated

and applied to DTC. Otherwise @, >0.95@,(,); the

drive is almost working in steady-state condition with
nominal or light load torque. Then v, is calculated

using optimum flux algorithm and 7, is the same

as the input torque reference. In the following, these
references value are applied to DTC by signal selector.

Drop Min M}

ac
. W.v( ref’)
Signal DTC Inverter
Selector 7; ref) Drive I

A
A v P

Induction
Motor

Estimator

Parameters M» erefs) g,
W QLP Optimum _WS(’ efo) >
r(ref) Pl 7;(,@;‘1)> Al;:?i)t(hm T rero)
a)V
Dynamic
State
Detector

W

Fig. 9. Block diagram of proposed speed drop minimization algorithm

6. Simulation Results

The optimal efficiency DTC-SVM drives are simulated
using MATLAB/SIMULINK, and the results of
conventional and improved methods are compared. The
motor parameters are given in table II, [27].

To wvalidate the effectiveness of the optimal
efficiency control block, the DTC drive has been tested
with different load torques in two cases: first with the
nominal flux, and then with the optimal flux. The
results of efficiency are shown in Table III, and it is
seen that by using the optimal efficiency block, the
efficiency has improved especially in low load torque.

\Al

Table. 2. Induction Motor Parameters

Parameter Value
Rated Power 9 kW
Rated Current (rms/amplitude) 20/28.3 A
Number of Pole Pairs 4
Stator Resistance 0.399 Q
Stator Leakage Inductance 2.7 mH
Magnetizing Inductance 86.6 mH
Rotor Resistance 0.3538 Q
Rotor Leakage Inductance 3.8 mH
Inertia (J) 0.03 kg.m’
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Table. 3. DTC drive efficiency with different load torques

Torque Efficiency in Efficiency in
(N.m) nominal flux optimal flux
(percent %) (percent %)
5 44 65
20 61 71
40 76 76

6.1. DTC-SVM Drive with Torque
Controller

The block diagram of the DTC-SVM drive with torque
controller, Fig. 7 is simulated. In this mode of
operations, the reference torque profile is predefined,
and directly applied to DTC drive, and it is supposed
that, the torque load is 7; =0.22w,, . The reference flux

is generated from the optimum flux calculator block
and applied to DTC, simultancously. In the
conventional method, the reference flux is directly
applied to the DTC drive. In the proposed method, the
modified reference flux is calculated from the flux
ramp calculator block and applied to the DTC drive.

First, the DTC-SVM drive is simulated without
limiting the stator current. Initially, 7,,,=0 and the

reference torque is stepped up to 10(N.m) at t=0.2(sec),
and then stepped up again to 40(N.m) at t=0.4(sec).
Fig. 10-a, 10-f shows the reference torque, motor
torque, motor speed, stator flux, and stator current
amplitude. As seen at the starting point, the stator
current amplitude reaches 120(A).When the reference
torque increases, the stator current overshoots to
approximately 50(A). The inverter must be designed to
deliver these high currents.

Alternatively, the DTC-SVM drive with the proposed
flux ramp calculator is considered. The reference flux
is applied in form of a ramp. The flux ramp is
calculated by Eq. (36) to limit the maximum amplitude
of permitted inverter current, i,y - FOr example,

when the reference torque is stepped to 40(N.m) at
t=0.4(sec), according to Eq.(36) and table II,
m=3.1(wb/sec) for i, my =30(A). Fig. 1l-a, 11-f

shows the dynamic operation of motor states in this
method As seen in Fig. 11-f, at starting point and when
the reference torque increases, the stator current
amplitude is limited to 30(A); equal to the maximum
inverter’s current.

6.2. DTC-SVM Drive with Speed Controller

The block diagram of the DTC-SVM drive with a
speed controller, shown in Fig. 9, is simulated. In this
mode of operations, the reference speed is applied to
the drive. The motor initially operates in the steady
state under 7; =10(N.m) and @, =10 (rad/s). Load

torque is then increased to 40 (N.m) at t=0.4(sec).
First, the DTC-SVM drive, with conventional
optimum flux algorithm, is simulated. In this case the

S VVAL (e — 09w 8 ol — w2313 Jlw — oo 2l Sig S 9 332 comwsigen (ool Ao
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optimal value of stator flux, for loss minimization, is
applied to DTC at all times and dynamic state detector
is bypassed. Fig. 12-a to 12-g show speed, electrical
torque, torque reference, d and q axis components of
stator current in stator-flux reference frame, stator flux,
and efficiency of motor.
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-
€E 10 f /
0 I —
(©)
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(e)
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<2 W\ ]
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0 0.2 0 0.4 0.6
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Fig. 10. DTC-SVM drive with torque controller using a
conventional optimum flux calculator , (a) Torque
reference, (b) Electrical torque, (c) Speed, (d) Stator flux
reference, (e) Stator flux, and (f) Stator current
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Fig. 11. DTC-SVM drive with torque controller using the

proposed flux ramp calculator (a) Torque reference, (b)

Electrical torque, (c) Speed, (d) Stator flux reference, (e)
Stator flux, and (f) Stator current

The load torque is initially small and equal to 10
(N.m), so the reduced optimum flux, is computed by
the block of optimum flux algorithm, and applied to the
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system as the flux reference. At t=0.4 (sec), when the
load torque suddenly increases, the motor flux is still at
a reduced value, and starts to increase slowly and with
delay. As a result, motor’s ability to generate torque is
reduced, and the speed drops 4.5 (rad/s), as shown in
Fig. 12-a. Also it is seen that in the steady state
efficiency for a light load torque of 10 (N.m) is 0.68,
and for high load 40 (N.m) is 0.72.

Alternatively, the DTC-SVM drive with the proposed
algorithm to minimize the speed drop is simulated. In
this case the optimal stator flux for loss minimization is
initially applied in steady state. After increasing the
load torque, the dynamic state detector diagnosis new
statues, and the optimal stator flux that is computed by
speed drop minimization algorithm, will be applied to
DTC. Fig. 13-a, 13-g shows the dynamic operation of
motor states in this method. In this case, the speed
reduction after the sudden load increase is 1.2
(rad/sec), which is smaller than the conventional
method. However, the loss-minimizing algorithm via
flux reduction is considered here too. Therefore, the
steady state efficiency for a light load torque of 10
(N.m) is 0.68, and for high load 40 (N.m) is 0.72, and it
is the same as previous test.

7. Conclusion

The induction motor operates with a reduced flux level
at light loads, when the conventional DTC-SVM with
optimal efficiency control is applied. The sudden
increase in load torque causes the reference flux to
increase, and the stator current overshoots. When the
load torque increases suddenly, speed will drop
significantly, since the flux-level has initially been
reduced. This phenomenon has been analyzed here, and
a suitable method to limit the stator current is proposed
for DTC-SVM with a toque controller. The reference
flux is applied to DTC in a ramp form with an optimum
slope. This significantly lowers the inverter’s rating
compared to the conventional methods. Moreover, to
improve the dynamic performance while preventing the
speed drop, an algorithm has been proposed for the
DTC-SVM with a speed controller. Using this
algorithm, the inverter current will keep the maximum
allowable value, the maximum torque is produced, and
the speed drop in response to the sudden load change is
minimized. The proposed algorithms are validated
using numerical simulations.
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Fig. 12. DTC-SVM drive with the speed controller using
conventional optimum flux algorithm. (a) Speed, (b)
Electrical torque, (c) Torque reference, (d-e) d and q axis
components of stator current in stator flux reference
frame, (f) Stator flux, and (g) Efficiency of motor.
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Fig. 13. DTC-SVM drive with the speed controller using
speed drop minimization algorithm (a)Speed, (b)
Electrical torque, (c) Torque reference, (d-e) d and q axis
components of stator current in stator flux reference
frame, (f) Stator flux, and (g) Efficiency of motor.
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Appendix A. Stator Current Overshoot
with Dynamic Flux

In this appendix, the stator current overshoot is found
using the dynamic model of induction motor.
According to (1), if the stator resistance is neglected,

Vir can be obtained as:

vs(n)= \/stz(n) g (n) (A1)

Laplace transform of (A1), can be written as:
Vex (s) =sys(s) —ws(0) (A2)

On the other hand, Vs can also be obtained from the PI
controller of flux error as:

Vix(s)= Kp[@_l//s (S)]

+£ l//s(r'ef) _
N N

Vs (S)] (A 2)
From (A2) and (A3), Laplace form of the stator flux
can be written as:

Vs (O)S2 + l//s(ref)Kps + WS(VQf)Ki

s(s2 +sK , +K;)

ws(s)=

_Yseen ki Ky

s s+4 s+B (A3)
Where:
K, ++K2—-4K;
pHyBp — R
A=
2
K, -K3-4K;
B=-
2
. A(‘/’s(ref) —5(0))
| sty 1500
B —
ky = Vs(ref) Vs (A 4)
A-B
From (A4), the stator flux can be found:
(A5)

A -B
Vs (O) =Ws(rop) +hie " +hpe™™

Using x-axis component of rotor voltage [24] , one
may conclude:

Yo

di di
O=Lm :;lx _a)letnisy+Rrirx+Lr ;;;x -

a)sll‘riry (A 6)

Components of the rotor current can be written as:

L Psx _Lsisx P _i :
Ly = Lm slyy = Lm Lgy (A 7)
Moreover, from (A7) and (AS8):
0= &(¢vx _l‘viwc)"'i d%x +k&
L, ST dt dt
— (@ — @, )(Kiyy,) (A 8)
Where:
k= [Lfn - Ler j
L (A9)

If the leakage inductances stator are neglected, k=0 and
(A9), is simplified to:
vs 1 dys

[
* L, R, dt

(A 10)

Substituting (A6) in (A11) leads to:

ky Ak
i = Vs +[_1_ 1]6—/1;
L, \L R

L, R (A 11)

Thus, the initial value of the x-axis stator current is:
ki Ak N kyr Bk

m r

m r

. Vs
i (07) =254
(@) L, L, R.- L, R,

(A 12)
Substituting (AS) in (A13) leads to:
0) Kp(Ayy)
i (07) = Vs — > (A 13)
Lm R}"

When the reference torque is constant, the initial and
final values fori,, can be calculated from ( 9):

T, e(ref)
1.5Py¢(0) (A 14)
The initial transient value for i, can be calculated as:

i (0%) = i5(0)+i3,(0)

2 2
_ v @ KAy ) [ Teren
Lm Rr I'SPV/S (O)

isy(0) =

(A 15)
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