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Sliding Mode Control Restart Strategy for Rotating Induction
Machine Using Time-Varying Switching Line

Abstract. In this paper, an induction motor control strategy is considered with special aim to provide a method of fast restart of a rotating machine
after a power loss. A sliding mode control with time-varying sliding line is derived in order to ensure the robustness to parameters’ changes during the
whole control process. It is shown, how to find the optimal parameters for the control law in order to obtain the shortest possible regulation time taking
into account the control voltage limitations. The presented strategy is verified with use of a simulation example and its robustness is proven.

Streszczenie. W tej pracy przedstawiona zostata metoda szybkiego restartu obracajacego sie silnika indukcyjnego po utracie zasilania. Za-
projektowano algorytm sterowania Slizgowego z ruchoma krzywa przetaczen, by zapewni¢ odpornos¢ na zmiany parametrow podczas catego pro-
cesu sterowania. Pokazano sposob wyznaczania optymalnych parametrow pozwalajacych na osiagnigcie najkrotszego mozliwego czasu sterowania
po uwzglednieniu ograniczen napiecia. Prezentowana strategia zostata zweryfikowana z uZyciem przyktadu symulacyjnego, ktory potwierdza jej
odpornos¢ na odchylenia wartosci parametrow. (Metoda ponownego rozruchu wirujacego silnika indukcyjnego z wykorzystaniem sterowania

slizgowego z ruchoma krzywa przetaczen)
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Stowa kluczowe: sterowanie $lizgowe, sterowanie $lizgowe z ruchoma krzywa przetaczen, sterowanie polowo-zorientowane, ponowny rozruch silnika

indukcyjnego

Introduction

Induction motor restart is a crucial issue in drive systems
in which there is a significant level of probability of disturbing
an on-going process, for example by temporary power loss.
This problem is well-known in some industrial cases. Some
special method has to be used in order to repower the rotat-
ing induction motor, as the remaining magnetic flux of the ro-
tor will cause a significant amount of current flowing through
the motor in case of plugging it directly to AC power sup-
ply [4], [8].

One example of restart method is the speed-search or
flying-start algorithm implemented in some industrial invert-
ers from KEB company [1]. The main idea behind this solu-
tion is to find the synchronous speed of a rotating induction
machine by increasing the supply voltage frequency to the
maximum value while keeping its amplitude relatively low.
When the measured phase currents are equal to zero, the
synchronous speed is found and the drive can proceed to its
standard control algorithm. Similar algorithms, based on the
restored power measurement, have also been presented [2],
[3].

Mentioned solution is applicable to variable frequency
drives (VFDs). There is not, however, an universal method
for restarting a rotating induction motor using field-oriented
control (FOC). In industrial solutions and drives created for
electric vehicles this problem is omitted by diligent tuning of
the PID controllers, so that the transient states were accept-
able.

Some methods to eliminate the inrush current have been
studied. In more advanced control strategies, feedforward
can be used to decrease or eliminate the starting current.
The control law is designed in such a way, that the feedfor-
ward control signal is equal to the value of the electromotive
force (EMF) being the consequence of the residual magnetic
flux [8], [9], [10]. When the residual magnetic flux is already
negligible, the motor start-up can be easily performed. How-
ever, if the restart must be performed shortly after voltage
loss, a good knowledge of current machine state is neces-
sary. The necessary information can be obtained using flux
observer or flux estimator.

In this article a new restart strategy is proposed based
on the sliding mode control (SMC) for stator currents. The in-
rush current elimination is achieved due to equivalent control
based on full-order induction motor model. The g-axis rotor

flux, although being frequently omitted as it becomes equal
to zero in the steady state of FOC, is included in the control
strategy for better performance. The switching action of the
used SMC makes the proposed strategy robust and ensures
correct operation even when the induction motor parameters
change during operation, e.g. due to generated heat. Finally,
a time-varying sliding line is defined to provide robustness
during the whole control process.

Problem Description

The aim of this paper is to deliver a time-optimal restart
strategy of an induction motor after a temporary power loss.
For this purpose, a full model of induction machine is neces-
sary. The following model is described in a dq0 frame rotating
with synchronous speed w,. Its position is measured in pos-
itive trigonometric direction, meaning that it rotates counter
clockwise.

dw
1 J— =T, —T, —b
(1) 7 L — bw
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The following symbols have been used in the above
equations:
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1ds, 1qs — Stator currents in d, g axes respectively [A],
Yar, Yqr —dand q coordinate of rotor flux vector [Wb],
R, R, — stator and rotor resistance [(],
Lg, L, — stator and rotor inductance [H],
L,, —magnetizing inductance [H],
L, —leakage inductance coefficient [H],
ws - slip frequency [49],
w, - electrical synchronous speed [24],
w —mechanical angular speed of the motor [
p —number of pole pairs [-],
J —moment of inertia [kg - m?],
T, - electromagnetic torque [Nm],
T, —load torque [Nm],

=,

b - bearing torque coefficient [NI:E].
2
Leakage inductance is given by L, = LTLL;L" and slip

frequency is calculated as follows wy; = we — pw.

The structure of the control system resembles the stan-
dard indirect FOC structure. Instead of the Pl controllers, the
sliding mode controllers are used to control d- and g-axis cur-
rent. Full block diagram of the control system is presented in
the picture below.
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Fig. 1. Block diagram of the control system.

When considering FOC, equations (4) and (5) are very
often simplified by assuming 14, = 0. Under this assump-

tion, it follows from (5) that wy = Latie e _For g = 0t

dr
is also true, that g, = Lynigs, thus wy = F=522.

Using this value of slip frequency to calculate syn-
chronous speed in the following manner w, = pw + wg; is
very common, since it simplifies the control algorithm and
makes it possible to use two separate Pl controllers for d- and
g-axis currents. However, this reasoning is only true in the
steady state when both £1bg, and %1, are indeed equal
to zero.

The control strategy presented in this paper is more gen-
eral and remains accurate and applicable also when v, # 0.
Nevertheless, the formula for w, mentioned above will be
used, as the formula (6) is significantly simplified by such as-
sumption and the value of electromagnetic torque depends
only on the stator currents.

Sliding Mode Controller

The control law presented in this paper consists of three
parts. The equivalent control, which can be treated as a feed-
forward control, is its main part.

The remaining two parts are the switching function,
which ensures system’s robustness by keeping its represen-
tative point on the sliding surface, and the component con-
nected with time-varying sliding line, which causes the oc-
currence of the sliding motion from the very beginning of the
control process. This makes the trajectory of the system’s
representative point predictable and also enables fast distur-
bance attenuation.

Generally, the SMC requires the designer to choose the
sliding surface. In case of the second or higher order sys-
tems, the description of the object’s dynamics is used for this
purpose. The considered object is described with two vector
equations. However, equations (4) and (5) will be used only
for flux estimation and the variables v, and 4, will not be
directly controlled. In the presented strategy, only the stator
current vector is of interest.

Hence, there is only one vector equation, which will be
used to design the sliding surface. This will be done by divid-
ing control strategy into two separate parts for d- and g-axis.
The proper reasoning is presented in the next sections. For
better understanding, one may refer to [5], where a similar
solution was presented.

A. Sliding Surface Selection

For the d-axis, the sliding surface is chosen as follows

@) Sﬂw:{:ﬁ3+A+Ba

where eq = iq,., — iq and iq,_, is the reference value of
d-axis current, which will later be assumed to be constant.
Letters A and B denote two constants, which will be chosen
later and will determine the behaviour of time-varying slid-
ing line. Time ¢, denotes the moment, in which the desired
sliding surface is reached. Similar reasoning was presented
in [7].

For the other axis, the sliding surface is defined similarly

t <to
t>ty ’

eq(t) + C + D,
eQ(t)v

where e, = ig,,, — iq and i, is the reference value of
g-axis current. Parameters C' and D correspond to A and B
from the previous equation.

It is desired, that s; = 0 and s, = 0 over all of the
control process.

t <tp
t>ty ’

O s0-{

B. Equivalent Control and Lyapunov Function
Analysis

To ensure system’s stability, a Lyapunov function Vy(s) =
2
La% will be considered. For t < tg, its derivative is equal to

(9)

d d
Vd(Sd) =L,s88§=3s <L0Eidr8f — Lga’ids + LUB> =

2

d . Lz, . .
= <LJ£Zdref + (RS + L%RT) lds — La'welqs

LR,

Ly,
7T%wdr - TT

PWPgr — Ug + LUB> .
One can easily verify, that for t > ¢, the component L, B is
eliminated. However, no other change is made.

The control law, which ensures systems stability and ro-
bustness, consists of three elements, as it was stated before.
First one is the equivalent control u,4,, and the other two,
the switching element u,4_, and the element corresponding
to the time-varying sliding line uq4_,, keep the representative
point on the desired trajectory.

sl
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The equivalent control is defined as follows

d . L%
e LG’EZdref + (RS + L2 R >
LmR Dar — Ly,

- Lowelqs

pwwq,

In the time period [0, to], additional element added to the con-
trol law is equal to

(11)

The sign function will be used for the switching component of
the control law defined as

Ud,, = LUB.

(12) Ud,,, = Yasgn(sa),

where 4 is a positive value responsible for disturbance at-
tenuation and systems robustness to parameters’ changes.

This number has to be chosen carefully, since if it is to
small, the desired robustness will not be achieved. Great
values of 4 will, however, increase the chattering. The latter
can be avoided, for example, by using a different, continuous
switching function [5] or using more advanced methods [6],
but this topic will not be discussed in this paper.

In the end, the control law is defined as

LoB, t<t,

(13) 0, t > 1o

ug = Udeq + Udsw + {

Plugging (13) into (9), one gets

(14) V(Sd) = —’}/deSgn(Sd)

for any time ¢, so the derivative of the chosen Lyapunov func-
tion is negative semi-definite and the system is stable.
Following the same scheme, the control law for the g-
axis can be easily derived. From the analysis of the Lyapunov
function, one gets the equivalent control described as follows

d. Ly o\ . ‘
Ugeq = Lf’al%ef + | Rs + TERT 1gs t+ ngeZqS

(13) L, R

pwwdT

The component connected with time-varying sliding line is
given by

(16) g, = LoD

and the switching action is realised by the element

(17) Ug,,, = VgS9N(Sq)-

Finally, the control law for the g-axis, which ensures,
that the derivative of the Lyapunov function remains negative
semi-definite for any time ¢, is given by

LsD,

t<t
(18) 1@%w+ww+{m -

t >ty

C. Time-Varying Switching Line

The general form of the control law have already been de-
rived. However, the parameters for the time-varying sliding
line must be determined. Once again, the parameters for d-
and g-axis are found using the same methods. Thus, only
d-axis will be deeply investigated.

The use of the time-varying sliding line is supposed to
ensure, that the plant’s representative point always remains
on the sliding surface. Hence, for ¢t = 0,

(19) 5¢(0) =0=1¢e4(0) +A+B-0

which leads to

(20) A= —e4(0).

The relationship between two other parameters can be
determined from equation (7) for t = t, since the equation

(21) lim sq(t) = lim s4(¢)

t—to t—to,
must be true, we know, that

(22) eq(to) = eq(to) + A+ Bty,

which finally leads to

(23) tg = —=.

B
To find the appropriate value of parameter B, we con-
sider the absolute value of control voltage u4. Since in every
real device there is a voltage limit, the absolute value |ug]
must always be less than ug,,,. . It follows from (23), that
such choice of the parameter B will lead to the shortest pos-
sible value of t;. We write

(24)
d L2, . LR,
L, ald”f + (Rs + R ) - Lawezqs - 2 wdr
L
- fpwwqr + Lo B +yasgn(eq)| < ua,,,. -
Since we assume iq4,,, = const, this relation can be simpli-
fied
(25)
L2, 0\ . . LR, Lu,
’ Rs + L2Rr> lds — Lawezqs - Tzwdr - Trpwwqr
< Udp,, — LeB —7a-

If all of the machine parameters are known, the value of B
can be determined by solving this inequality. Extremum val-
ues should be considered for the signals w, we, i4, iq, etc.

One should remember, that the possible extremum val-
ues of these signals will be different depending on the initial
state of the induction machine. This happens due to signifi-
cant difference in time constants of the mechanical and the
electrical equations of the induction motor model. For exam-
ple, w can be considered a constant value, since the motion
of the sliding line will be occurring only for a short period of
time in the beginning of the regulation process. However, this
value will be different when the motor has been free-running
and when it has not been rotating at the moment the control
is enabled.

Another way to determine the time-varying sliding line
parameters is to choose time ¢t arbitrarily, calculate B from
(23) and verify, whether the inequality (25) is fulfilled.

For the other axis, steps from (19) to (25) must be re-
peated. Hence, we get two relationships

(26) C = —e4(0)
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and
(27) to = ——.

If the time ty or parameter B was chosen as described
previously, the value D can be simply calculated. However,
to ensure, that the control signal will be limited for both axes,
one should also consider the equation

(28

(5

S uQma.n

Ly,

> Z'qs + Laweids - ¢qr pwwdr

LoD — 7.

When two equations are considered, the biggest value of ¢,
must be chosen.

Since the limitation of voltage in an inverter regards usu-
ally the length of voltage vector uq, not the coordinates sep-
arately, both ug, ... and u,,, .. must be predefined to meet
required conditions.

D. Plant’s trajectory

There is one, very interesting conclusion, which follows from
the presented considerations. Namely, knowing, that the av-
erage values of sign functions, given by %fg sgn(s(r))dr,
will only compensate for the inaccurate values of the system’s
parameters, when the control signals u4 and u,, defined for
t < tp, are plugged into equations (2) and (3), we get

29 Zigs = B,
(29) 7l

d
(30) —igs = D.

Integrating both sides of these equations we obtain

(31) ids = Bt +ias(0),

(32) igs = Dt +145(0).

This results means, that when the time-variant sliding
line is changing its position, the currents of both axes in-
crease linearly. This also means, that for the control laws
presented in this paper, the plant's trajectory in {eg4, ¢, } coor-
dinate system will be following a straight line passing through
point (0,0).

Simulation Example

The presented results have been tested using simulation
created in PSIM. For this purpose, a three-phase squirrel-
cage induction motor model was used. The parameters have
been obtained through the identification of a real induction
machine and they are given in the table below.

Parameters
Symbol | Value Symbol Value
R, 2.73Q2 U, 230/400V A/Y
R, 2.840 I, |8.4/4.85A AlY
L, 285.8mH Ny, 1420rpm
L, |285.8mH P, 2.2kW
L,, |275.0mH || cos(p,) 0.82
P 2 J 4840g - cm?

To verify the control strategy presented in this paper, fol-
lowing steps have been taken. Firstly, the induction motor
was started. At the start moment, values of all the signals
were equal to zero. After exactly 0.95s from the beginning of
the simulation, all the transistors have been disabled and the
motor was left free-running. The experiment was conducted
twice to show, that the systems operation is identical regard-
less the remaining value of magnetic flux. The control system
was enabled again after 650ms during the first test and after
50ms during the second test.

Mechanical speed [rpm)]
400 T T T

300 b

200 b

100 4

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2t
d-axis stator current [A]
1.5 T T T
1
05 4
OF I I I I I I I 1 I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 tfs]
g-axis stator current [A]

I

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2t

d-axis rotor flux [Wb]
T T T

I I I I I I I I I t[s]
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

q-axis rotor flux [Wb]
T T T

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 tfs]

Fig. 2. Measured signals over time. Voltage was lost in ¢ = 0.95 and
it was restored in t = 1.6s.

The measured and calculated signals are shown in fig-
ures 2 and 3 and the current plot was enlarged in figure 5. It
can be seen from these graphs, that the regulation process
is fast, effective and there is no overshoot. Moreover, figure
3 shows, that the system is robust to R,. parameter change
and the inaccuracy in flux estimation is compensated by the
switching component of the control law.

Since the rotor flux is not available for measurement it
was calculated using equations (4) and (5). The exact val-
ues of the motor’s parameters are not always obtainable. It
is particularly hard to overcome the problem of possible pa-
rameters’ changes, which occur due to temperature. There
are many accurate solutions to the problem of rotor flux esti-
mation, which are crucial especially, when sensorless control
methods are used [11]. However, the proposed control strat-
egy is robust to this parameter change, what was confirmed
by decreasing the value of R, by 15% and R by 5% in all
the model equations used to calculate the value of equivalent
control voltage.
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Mechanical speed [rpm]
T T T

600
400 [ 5
200 - B
0 | | | | | | | | |
0 0.2 0.4 0.6 0.8 1 12 14 16 18 2 t[s]
d-axis stator current [A]
1.5 T T T
1
0.5 il
or | | | | | | | | | ]
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 ts]
g-axis stator current [A]
25 T T T
2
151 5
1k ]
0.5 il
(o) = I I I 1 1 ! 1 L E
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d-axis rotor flux [Wh]
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0.3 .
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0.1, 5
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g-axis rotor flux [Wb]
0.2 T T
0.1
0
-0.1
02 | | | | | | | | |
0 02 04 06 08 1 12 14 16 18 2 tfs]

Fig. 3. Measured signals over time; plots marked with black colour
were obtained for accurate value of R, and Rs parameters and the
red ones — for inaccurate. Voltage was lost in ¢t = 0.95 and it was
restored in ¢t = 1.0s.

Phase stator current [A]
T T T

Fig. 4. Phase current of phase A.

d-axis stator current [A]
15 T

0 1 L L |
0995 1 1.005 1.01 1.015 tfs)

qraxis stator current [A]
25 T

I I E|
0.995 1 1.005 1.01 1.015 t[s]

Fig. 5. Enlarged fragment of currents plot showing the moment of
induction motor restart.

One may also see from the presented plots, that the con-
trol process was successfully restored regardless the value of

the remaining magnetic flux.

The time ¢y was arbitrarily chosen to be equal to 10ms.
This value leaves a great margin of voltage and it can be ver-
ified with (25) and (28), that even for the worst case scenario
during the motor restart, time ¢o could be decreased to the
value lower than 1ms.

1.8 il

12 N

0.8 1

0.6 [ 1

0.4 r 1

\ ! !
0 0.2 0.4 0.6 0.8 1
ea(t)

Fig. 6. Plant’s trajectory in {e4, eq} coordinate system.

Final Remarks

Presented simulation experiments show, that the con-
sidered control strategy enables precise induction motor cur-
rent control. This method is excellent for controlling the pro-
cesses, which require fast recovery from the fault condition
or after an emergency

The research also show, that the properties of the SMC
are particularly useful when the exact values of the plant’s
parameters are unknown.

Additional advantage of the presented control strategy
is the lack of the uncontrollable transient states, which often
occur due to control signal limitations or temporary lack of
the switching action during the reaching phase of the sliding
mode control algorithm.
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