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Abstract: The paper presents the method of control of an induction squirrel-cage ma-
chine supplied by a voltage source converter. The presented idea is based on an inno-
vative method of the voltage source converter control, consisting in direct joining of the
motor control system with the voltage source rectifier control system. The combined
control system gives good dc-bus voltage stabilization. In the applied control system the
limits of the reference variables have been introduced. A correction of the estimated
machine load torque is proposed. The new proposed solutions are confirmed by mathe-
matical dependences, simulation and experimental results.
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1. Introduction

The voltage source converter is now one of the most popular converter systems transform-
ing DC voltage into AC voltage. The industrial applications are most often based on the uni-
directional voltage source inverter, where diode rectifier is installed on the supply network
side. Such system has a large capacitance (of an order of several mF) capacitor in the dc-link
circuit and the surplus of energy accumulated in it must be used up by the load or unloaded in
a braking resistor.

Another solution is a bidirectional voltage source converter. Such system allows direct re-
turn of energy from the receiver to the supply network and also allows to achieve a unitary
input power factor. The current input from the supply network may be close (in respect of the
harmonic components) to the sinusoidal current. The dc-link circuit condenser has a several
times smaller capacitance (depending on the load power) than that in the unidirectional vol-
tage converter. Besides, the capacitor voltage can be stabilized, by means of a network voltage
converter, at a higher value and therefore at the rated machine speed the converter can gene-
rate the appropriate stator voltage amplitude (the overmodulation range is not exceeded).
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The dc-link filter can be optimized. With the use of an appropriate voltage source rectifier
control system, the capacitor capacitance value can be decreased by several orders of magni-
tude. The properly performed voltage source converter optimization reduces the system size
and also improves the drive system dynamic and static properties, lowering the production
costs.

The solutions quoted in the literature [1-9] pertain to the voltage source rectifier control,
are concentrated mainly on maintaining constant voltage in the dc-link circuit and on regula-
tion of the active and reactive power on the supply network side. References [5, 8] present
a control method based on the direction of the reference system in relation to the supply net-
work virtual flux vector. In [5] a feedforward-based rectifier converter control method is pre-
sented. In [5, 9] a voltage source rectifier prediction control is applied.

The above mentioned reference papers deal with the bidirectional voltage source converter
control, where the voltage source rectifier is used for voltage control in the dc-link circuit and
for power control on the supply network side. The voltage source rectifier and motor converter
control systems are mutually independent, linked only by the dc-link voltage, which should
not exceed a 10% oscillation range. The mutual independence of network and motor conver-
ters has an impact on the dc-link voltage changes. In such control systems a higher capaci-
tance condenser is necessary in the dc-link circuit.

The paper presents a new control system of voltage source rectifier where the backstepping
[10-24] method is used. Through an appropriate formulation of the mathematical model of the
drive system with an induction squirrel-cage motor, the machine mathematical model vari-
ables have been introduced to the voltage source rectifier control system. The combined
coupling control system allows to minimize dc-link voltage balancing or minimize dc-link ca-
pacitors significantly.

The adaptive backstepping control for the induction machine was presented in [12-14,
25-26]. Authors of [12] compared standard Field Oriented Control (based on PI controllers)
with the adaptive backstepping controller.

In this paper the multi-scalar [9, 14] adaptive backstepping control has been applied to the
induction squirrel-cage machine. A new method of limiting the control system set variables
has been applied. The control system of induction machine and voltage source rectifier with
new multi-scalar backstepping controller and method of limiting allows to good quality drive
performance which are shown in simulation and experimental results.

2. Mathematical models

A) Mathematical model of an induction machine

Equations of the induction squirrel-cage machine, written in a stationary (af) system, have
the following form [9]:

di, RL+RL . RL, L, L
== lsa + V/ra +a)r_l//ra + usa’ (1)
dr Lw, Lw w w

ro o o
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di RL+RL, . N RL, o L, s L )
—=- i o U,
dT LrWO_ sp LrWa ‘//),8 r WO_ l//ra Wo_ sp
dWV(Z RV RiLm b
dT = _L_‘//m - a)r(//rﬂ + L lsa 4 (3)
dy, R RL, .
d_T/J = _L_y!//}ﬂ + wrl//ra + 2 - lsﬁ’ (4)
do, L, . . 1
dT =JT(l//I‘H lsﬁ _l//rﬁlxa)_ijL’ (5)

where: iy, i,z are components of the stator current vector, ¥,,, ¥,z are components of the rotor
flux vector, u,,, 1, are components of the stator voltage vector, w, is the rotor angular speed,
R,, R, are the rotor and stator resistances, L,, is the mutual-flux inductance, L,, L, are the stator
and rotor inductances, w, =L L — Lfﬂ, T, is a load torque, J is the machine moment of inertia,
7 is the relative time.

B) Mathematical model of the supply network

The supply network mathematical model, in the system connected with the supply network
voltage vector (dq), takes the following form:

di, 1

= Z(v” ~Ri, +o,Li, ~u,), ©)
diy, 1, .. .
d_z‘_f:z(—chq ~o,Li, ~u,), @)

where: L is the system input choking coil inductance, R is the choking coil internal resistance,
ica, icq are components of the network current vector in the network voltage-related system, uy,
u, are components of the voltage source rectifier input voltage (control variables of VSR), w,
is the supply network voltage vector rotation speed. The supply network parameters are pre-
sented in Table 1 in p.u.

3. Voltage source rectifier control

A) The controller based on Lyapunov Function CLF
The voltage source rectifier may be treated as a voltage stabilizing system in the dc-link. In
drive systems with a diode rectifier a large capacitance is needed in the converter de-link. In
drive systems with a voltage source converter the capacitor capacitance may be minimized.
For determination of the voltage source rectifier control variables (u;,u;) the Lyapunov
method (CLF — Control Lyapunov Function) may be used, as presented in [17]. In order to
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determine the control system stabilizing feedbacks, the network current deviations have been
defined (in accordance with a classic voltage source rectifier control scheme):

& =ty . ®)
e, =iy ~iy, €))
e =i, —i,, (10)
where: i, is the value obtained from the dc bus voltage controller.
The network current deviation derivatives are determined as follows:
d . 1 .
e, =—i, v,—Ri,+wlLi_ —u,), (11
2 dT d L( K d q d)
e, :El“’ _Z<_Rl"" -w,lLi, —uq). (12)

In accordance with the Lyapunov method, the following function is selected

V=%(k2e22 +hyel). (13)
Substituting (11)-(12) to(13), one obtains:

. 1
_ 2 2 . . *
V =—k,e; —k,e; +e, [——(vm -Ri, +o,Li, —ud)+k2e2 +

(14)
+e; | kye, —l(—Ricq -o,Li, —u;) .
L
The control variables are determined from (14):

u, =v,—Ri, +L(a)uicq —kzez),

(15)
u, =—Ri, —L(w,i, +ke,), (16)
where: k|, k, — amplification constants.

The (15)-(16) control variables linearize the system and ensure stabilization around the
equilibrium point.

The control system is little resistant to the load torque changes. Lack of the machine load
torque information may cause instantaneous dc-link voltage oscillations.

U de u*y
T.' _}
Vaa CLF
—

Fig. 1. Standard CLF controller without
i*4c | controller |Y
—

feedforward

Fel
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B) The backstepping controller

Coupling of the motor control and voltage source rectifier control systems allows better
dc-link voltage control and the dc-link capacitance minimization. For coupling the control
system — the backstepping control was used (presented, a.o., in [10-24]).

The voltage source rectifier control system should ensure stabilization of the dc-link vol-
tage at a constant value and maintain the network current vector set component as proportional
to the reactive power on the supply network side.

The current flowing from the capacitor to the machine may be defined as:

D

i =L 17
u,

c

where: py; is the active power measured on the machine phase terminals.
The current flowing to the capacitor is defined as:

idCOI1V = pm"‘/ 4 (18)

udc

where: p.,,, is the active power measured on the voltage source rectifier input.
The following relation is fulfilled for the dc-link:

du, 1
—ac — — 2 ). 1 9
dT Cudc (pcww pstl ) ( )

The e; deviation derivative is determined by the formula:

T .
el = udc _E(lmnv - lsi/ ) (20)

On the assumption that component i:q ~ 0, the i, current flowing into the dc-link capa-
citor is equal to: i,

In order to achieve the control variables (u:,,u;), the backstepping approach is imple-
mented.

Selecting the Lyapunov function for the first subsystem where virtual control was sought,

the following expression was obtained:

Rl

V =ke +i, —%(icd —i,)- 1)
The virtual control obtained from (21) takes the form:
i, =Cke +1, C+i,. (22)
With the use of (22), the e, deviation becomes:

e, =Chkye, +1i,,C+i, —i, (23)
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and the deviation e; derivative is modified correspondingly:
. 1
é =—ke + Palih 24)

The deviation e, derivative takes the form:
é, =Cké, +ii, C+i,—1,. (25)

In the above expression appears the derivative of current flowing from the dc-link capa-
citor, i,. The current derivative was obtained by differentiation of the (17) formula and it
takes the following form:

2

L. . Gy Gy U, . -
[al — C(ZM./ —lcd) +a, +a,x;, +a, +— (umlm +usﬂzxﬂ), (26)
u,, u, u u,

e de c de

dl.vil _ .
dr =y

where:

_ _ 2 _ .2 2
Gll - l//rausa + l//rﬂusﬁ’ G22 - V/Vﬂusa _l//rausﬂ’ us - usa +usﬂ

and

RL +RL, RL,
@ =—:", a,=——
Lw, Lw,
For determination of the (26) derivative the mathematical model of an induction machine
(1)-(5) was used.
The expression i, +1,,i, in(26) can be presented in the form:

o dug
Usglsg +u.s‘ﬁl.v,8 = d; Ly + a)u.s'q.s" (27)

where: u, is the machine stator voltage modulus, w,, is the stator voltage vector rotation speed,
i,y 1s the stator current component in the coordinate system oriented in accordance with the
stator voltage vector,

q, = Ui, + Ui (28)

sa’sp

is the reactive power defined on the machine side.
The (27) formula may be simplified by assumption that the machine voltage modulus is
a slow-changing signal and its derivative is close to zero:
o 29
ke (29)
Taking (29) into account, (27) becomes:

usaiszl + usﬁisﬁ = a)usqx . (30)

With the above simplification, (26) is now:
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di 1 ) 1 1
—==—\a,G,, +a;x,,G,, +au; )+ —o,q, —i,| a———i,~1,) |- €2))
dr “dc( 291 T A3 XUy 4.) i» 54 1( 1 uduc(.z d)j

Substituting the derivative of the motor current modulus to the deviation derivative expres-
sion, one obtains:

1 1
é, =Ck, (—k]e] +Eezj+u—(azG11 +a,x,,G,, +a4uf)+
de

1 1 1 32
+u_2wusqs _isil (al _ﬁ(isil _icd )j_z(vs _Ricd + wuLicq _u; )

dc

For the second subsystem responsible for maintaining the set value of reactive power, the
expression (12) is valid.
The Lyapunov function is selected as follows:

V= %(klef +k,& +k,e; ) . (33)
The Lyapunov function derivative has the form:

. 1 1
V= —(kzez2 +k3e32)+e2 [k,e, -i—Ee1 — Cklze1 + ke, + —(a,G,, + a,x,,G,, + a4u52)+
udc

1 1 1 .
-i,(a,——0,; i, N+—>o.q9 ——0,-Ri, +oli, —u,)]+ 34
Stl( 1 CdC ( sil cd )) ui_ usqs L ( s cd u—"cq d )] ( )

1 *
+e, [k3e3 —Z(—Ril,q -o,Li, —u, )j.

By introducing new f; and f; variables, the voltage source rectifier control variables were
obtained:

u, =—Lf;, (35)
u, =—Lf,, (36)

where:

. 1 1 . 1 . | .
S, =limit, .(—Cklz +Eje1 +k,e, + ke, + 50,9, i, (al —stﬂ +—Clch+

dc dc

! ! 37
_Z(VS -Ri,+ a)uLiCq)+u—(azG11 +a,x,,G,, + a4uf),
de
R. )
f2 = kSe3 +zlcq +a)ulcd 2 (38)

where: limit, allows to limit the dynamics of the i"; component (Chapter 5).
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The above formulac were obtained for an induction machine supplied from a voltage
source converter. In the proposed backstepping control the control variables depend on the
load type. The above given formulae are valid for a squirrel-cage induction machine supplied
from a voltage source converter. If the voltage source converter is loaded by another machine,
e.g. a synchronous machine with permanent magnets, the stator current derivative must be
adequately defined using the mathematical model of a synchronous motor.

4. The multi-scalar backstepping control of induction machine

A) Adaptive backstepping control with load torque estimation

The backstepping control can be appropriately written for an induction squirrel-cage
machine supplied from a voltage source converter. In literature the backstepping control is
known with adaptation of selected machine parameters, written for an induction motor
[10-24]. In [10-14, 16-24] the authors wrote the machine state variables in the (dg) coordinate
system, oriented in accordance with the rotor flux vector (FOC). The control method presented
in [10-14, 16-24] is based on control of the motor state variables: w, — rotor angular speed,
rotor flux modulus and the stator current vector components: iy, and i,.

Selection of the new motor state variables, as in the case of multi-scalar control with linear
PI regulators [9, 13], leads to a different form of expressions describing the machine control
and decoupling. The following state variables have been selected for the multi-scalar back-
stepping control:

€ :xl*l_xll’ (39)
6 = xl*z X (40)
€ = x; X (41)
LY L

€ = (ZR;- L_mxzzj —-2R, L_mxzz) (42)

where: x; is the rotor speed, x|, is the electromagnetic moment, x,; is the square of rotor flux,
X, 1s an additional variable.

Assumption of such machine state variables may lead to improvement of the control sy-
stem quality due to the fact that e.g. the x, variable is directly the electromagnetic torque of
the machine. In [10-14, 16-24] the electromagnetic moment is not directly but indirectly con-
trolled (the i, stator current component). With the assumption of a constant rotor flux modu-
lus, such a control conception is correct. The inaccuracy of the machine parameters, asym-
metry or inadequately aligned control system may lead to couplings between control circuits.
Acceptance of the control deviations as in (39)-(42) increases the control system resistance to
the described phenomena.
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The e, deviation is defined in (42). The deviation does not influence on the control system
properties and is only an accepted simplification in the format of decoupling variables.
Derivatives of the (39)-(42) deviations take the form:

é = —ke ——+ 43
' JLr g )
JL ~ A L
é, kze1 —+ke, +ax,+x, (xzz ) k1 =T, + TL ——u (44)
Lm 1 WD'
=—kye, +e,, (45)
2
R R RL, RL,
é, =—kie, +ke, _4[L J X, +4L, [Lr j Xy +2L—yalx22 —2L—yx”x22 +
5 (46)
2 r m Rer 2 R}‘Lm
- i —2—"u,,
w,\ L, L w,
where
T, =T -T,. 47
The reference values of x,, and x,, are determined by

. JL L - L, Y R,

X5 :Z e L L : L =k;e, +2L—rx21. (48)
L ’ R

[2Rr L—'”xzzJ =ke, + 2L—’x21. (49)

The Lyapunov function derivative, with (43)-(46) taken into account, is expressed as follows:

. 1 ~ » L RL
V:—klef—kzezz—k3e32—k4ef——TLTL+e2(f1——’ulj+e4(f2—2 - mu2]+
¥ w, w,

o

(50)
~ (1 =x L
T =T, S e, |,
r - J L,
o L, JL, L, L :
11 =ke, +k,e, +limit,, (J_Lrel —klze1 Z)+a1xlz +x, (xzz +W—Gx21]+ L o (51)
R 2
1, =k,e, + ke, +limit, - ( k2e3 -4 J X, +4L, [—’) » +2—"a,x,, +
r r (52)

2
RL, 2 (RL, RL,Y .
2 Lr XXy — W_cr[ Lr j le_z[ Lr j lszl
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where: u, =y, u, Y, U, U, =Y, U, —W, 4l g, limit;; — is a dynamic limitation in the mo-
tor speed control subsystem, limit,, — is a dynamic limitation in the rotor flux control sub-
system.

The control variables take the form:

* Lrl//raf‘Z _Wcra3!//rﬂfi

: s 53
.Sa a3er21 ( )
. L +w. a
u, = W hr ¥ Weaw,, ) , (54)
a; L, xy,
where:
RL
a, =2—=.
WO'
The load torque 7} can be estimated from the formula:
E e L
T, =y| Y+k——e, |, 55
L= ( g L zj (3%)

where: y is a constant gain.
The variables limit,,, limity; in (51) and (52) are defined in Chapter 5 as limitation of )El*z
and x,, property.

5. Dynamic limitations of the set variables

In control systems with the conventional linear controllers of the PI or PID type, the set (or
controller output) variable dynamics are limited to a constant value or dynamically changed,
depending on the drive working point.

Control systems where the control variables are determined from the Lyapunov function
have no limitations in the set variable control circuits. The reference variable dynamics may
be limited by means of additional first order inertia elements.

The author of this paper has not come across a solution of the problem in the most signi-
ficant backstepping control literature references, e.g. [10-24]. In the quoted reference posi-
tions, the authors propose the use of inertia elements on the set variable signals. Such ap-
proach is an intermediate method, not giving any rational control effects. The use of an inertia
element on the reference signal, e.g. of the rotor angular speed, will slow down the reference
electromagnetic torque reaction in proportion to the inertia element time-constant. In effect
a “slow” build-up of the motor electromagnetic torque is obtained, which may be acceptable in
some applications. In practice the aim is to limit the electromagnetic torque value without an
impact on the build-up dynamics.
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Control systems with the Lyapunov function-based control without limitation of the set
variables are not suitable for direct adaptation in the drive systems. Therefore, a solution often
quoted in literature, e.g. in [17], is the use of a PI or PID speed controller at the moment con-
trol circuit input.

The set values of the x,,, x,, variables appearing in the e, and e, deviations can be dyna-
mically limited and the dynamic limitations are defined by the expressions [13]:

_ [~ 2
X124im = IxmaxeI — Xy, (56)
X = f(U2 I’ x ) (57)
22lim "~ smax? " smax? 11 )2

where: x5, — the set moment limitation, x5, — the x,, variable limitation, /,,,, — maximum
value of the stator current modulus, U, — maximum value of the stator voltage modulus.
The above given expressions may be modified to the form [26]:

X20im = LX) =35, (58)

giving the relationship between the x;; variable, the stator current modulus /,,,,, and the motor
set moment limitation.

For the multi-scalar backstepping control, to the f; and f; variables the limit,, and limity,
variables were introduced; they assume the 0 or 1 value depending on the need of limiting the
set variable.

Limitation of variables in the Lyapunov function-based control systems may be performed
in the following way:

. limit,, =0,
if (xlz > xmim) then , (59)
€ = Xipgim ~ X1z
limit, =0, o
if (x12<—x12h.m) then B , else limit, =1, (60)
€ = "X — X2
Y limit,, =0,
if (xzz > xm.m) then { . } (61)
€ = Xoppim ~ X2
i . limit,, =0, o
if (x22<—x22h.m) then , else limit,, =1. (62)
€y = " Xoppm X2z

The dynamic limitations effected in accordance with expressions (59)-(62) limit properly
the value of x/, and x, variables without any interference in the reference signal build-up

dynamics. The /imit, variable in (37) assumes the 0 or 1 values. The /imit, allows to limit the
dynamics of the i, component. The limitation is performed in a similar way as in (59)-(62).
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Figure 2 presents the variable simulation diagrams. The backstepping control dynamic
limitations were used.

1
X1 4 o

1
o W
limit,, ;[’] [ l [

1
limit
imit,, 01 | il
100
X2 ~100 L—
* 3t N |
Xaz _al
Time [ms] 1000 1200 1400 1600

Fig. 2. Diagrams of multi-scalar variables in the machine dynamic states, the x50, = 1.0 and x50, = 0.74
limitations were set for a drive system with an induction squirrel-cage machine supplied from a voltage
source converter — simulation diagrams, x"1, — diagram of the machine set electromagnetic moment (no

signal limitation), X oy — diagram of the X'y set signal (no limitation)

6. Impact of the dynamic limitation on the estimation of parameters

The use of a variable limitation algorithm may have a negative impact on the control
system estimated parameters. This has a direct connection with the limited deviation values,
which are then used in an adaptive parameter estimation. Such phenomenon is presented in
Figure 2. The estimated parameter in the control system is the motor load torque fL . The set
electromagnetic moment is limited to the x5, = 1.0 value. Figure 2 shows that the estimated
load torque increases slowly in the intermediate states. Limitation of the set electromagnetic
moment causes the limitation of deviation e,, which in turn causes limited increase dynamics
of the estimated load torque. The ]A"L value for limit;, = 0 in the dynamic states does not reach
the real value of the load torque, which should be 7, L & X,. Alarge TA’L estimation error occurs
in the intermediate states, which can be seen in Figure 3. The estimation error in the inter-
mediate states is 7, ; #0 because the moment limitation, introduced to the control system, is
not compensated. The simulation and experimental tests have shown that the load torque
estimation error in the intermediate state has an insignificant impact on the speed control.
Omitting T, " in the set moment x |, expression (48) eliminates the intermediate state speed
over-regulation. But absence of T , in x|, for a steady state gives the deviation value e #0
and lack of full control over maintaining the rotor set angular speed. Compensation of the
limit,, limitation introduced to the control system is possible by installing a corrector in the
rotor angular speed control circuit.

A corrector in the form of an e, signal integrating element was added to the set electro-
magnetic moment x |, signal. In this way a system was obtained reacting to the change of ma-
chine real load torque. The introduced correction minimizes the rotor angular speed deviation
and the corrector signal may be treated as the estimated load torque value.
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limity»
T,
Xiz2
Time [ms] 1000 1200 1400 1600

Fig. 3. Impact of the electromagnetic moment limitation x;;, on the estimated load torque 7, (55)

The correction element is determined by the expression:

I
T, =k, [ edr, (63)

/=]
where: #,_ ... t; is the e, signal integration range, K7; — correction element, k,, — is the cor-

rection element amplification.
The gain k., should be adjusted that the speed overregulation in the intermediate state does
not exceed 5%:

0<k, <01k, (64)

The correction element amplification must not be greater than &y, or:

k, <k (65)

el —

For k, >k, the KT} signal will become an oscillation element and may lead to the control
system loss of stability.

The KT} signal must be limited to the x;,;, value.

The x|, set value expression (48) must be modified:

. JL
X, =L—’k1el +KT,, (66)
where:
T, = KT,. (67)

The use of (63) and (66) in the angular speed control circuit improves the load torque esti-
mation and eliminates the steady state speed error.
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Figure 4 presents the load torque (determined in (69)) estimation as well as xj, and the
limit,, limitations.

limit,,

e

-1
Time [ms] 1000 1200 1400 1600

Fig. 4. Diagrams of the /imit,, variable, K7; load torque and electromagnetic torque x,

7. The speed observer backstepping

General conception of the adaptive control with backstepping is presented in references
[11, 10]. In [11] the adaptive backstepping observer stability is proved and the stability range
is given. The speed observer backstepping equations was presented in [28]. The rotor speed
was estimated form dependence:

o, = ya, <Zﬁl/;m —Zal/}rﬁ). (68)

where: y is constant amplifications.
Block diagram of a control system with the backstepping control and observer is shown in
Figure 5.

8. Experimental results

The tests were carried out in a 160 kW drive system. The motor parameters are given in
Table 1 and the main per unit values in Table 2. The control system was implemented in DSP
Shark Sh363 signal processor with Altera Cyclon 2 FPGA. The transistor switching frequency
was 3.3 kHz for both inverters.
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i isiI
Idc‘t:nv N
R L [
_-NV'\_"
— C
%_ { M
- . \ -
A ica! icb sa v o
[ [ abc Observer
dq b dq M backstepping
Wl ¥
. ; o x*
Backstepping | ugq Backstepping €, €, v
control  [+— + ‘ control | o e, [
system system
|?> SVPWM SVPWM e
Uty U

Coupling 4—

Fig. 5. The multi-scalar adaptive backstepping control system
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Fig. 6. Transient in motor start up to 0.8 p.u. in the backstepping control system
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Fig. 7. u"4 is changed from 600 V to 680 V in the steady state
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Voltage drop ~30V
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Fig. 8. Transient: motor start up to 0.8 p.u. and reversal to —0.8 p.u., uy voltage balance is ~5%
— the backstepping control
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Fig. 9. Transient: motor start up to 0.8 p.u. and reversal to —0.8 p.u., uy voltage balance is ~13%
— the CLF control with feedfoward coupling
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Fig. 10. Transient when motor is starting up to 0.95 p.u. without load torque estimation
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Fig. 11. Transients: motor reversal from 0.95 to —0.95 p.u. without load torque estimation, multi-scalar
variables are shown and x|, is the (68) variable
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Fig. 12. Transient: motor start up to 0.9 p.u. with load torque estimation (KTy)
— the adaptive backstepping control
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Fig. 13. Transients: motor reversal from 1.0 to — 1.0 p.u. with load torque estimation (KT )
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Fig. 14. Speed observer test: the rotor speed x;; is changed from 0.1 to —0.1 p.u., the rotor flux and stator
current coefficients are shown
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Fig. 15. The Speed observer test: the estimated rotor speed x;; in backstepping observer is changed from
0.1to -0.1 p.u., the estimated rotor speed @, x by Krzeminski’s speed observer [27]

and the multi-scalar variable: x;,, X,{, X,; are shown

The experimental results (Fig. 5, 9-13) were registered by measurement console. The
reference speed was set-up from console without ramp time.

Figure 6 presents the stator current components as well as the supply network current and
the dc-link voltage components during the motor start up to 0.8 p.u. speed. Figure 7 shows the
change of dc-link voltage setting from 600 V to 680 V and the supply network current .

Figures 7 and 8 present the motor start up to 0.8 p.u. speed and motor reversal to -0.8 p.u.
in the voltage source rectifier backstepping control system (Fig. 8) and the CLF system
(Fig. 9). The voltage source rectifier backstepping control system better stabilises the dc-link
voltage (Fig. 8). The u,. voltage variation for the CLF system is about 80 V and for the back-
stepping control system about 30 V (Fig. 9). Figure 10 and 11 present diagrams of the ma-
chine multiscalar variables as well as the motor start-up (Fig. 10) and reversal (Fig. 11) limi-
tations. The use of control without the load torque estimation results in small intermediate
state speed error (Fig. 10, 11) and 7% steady state speed error. Figures 12 and 13 present the
motor start-up and reversal. The use of the load torque estimation according to the (65) ex-
pression allows to minimise the steady state speed error. The speed error in the intermediate
states is <2%. Figure 14 presents a 60 s machine reversal from the 0.1 to -0.1 p.u. speed.
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Fig. 16. Stator resistance Ry ¢ and R, 4 are change about 150% when rotor speed is set up to 1.0 and

after 430ms to - 1.0 p.u. (simulation results). The parameters are not estimated

0.2
X11_set
0.2 N
X1z
0
X1 1
300%
Rs_sel 0 ! '
300%
Rr_sel | I
0|
3%
X11_error | r
0
Time [ms] 200 400 600 800

Fig. 17. Stator resistance Ry ¢ and R,  are change about 300% in stationary state (simulation results).

The parameters are not estimated

In Figure 15 the comparison between [27] observer is shown. The rotor speed in back-
stepping observer is precisely estimated than Krzeminski’s speed observer. The control system
with load torque estimation according to the (65) expression was used. The backstepping
speed observer can estimate with very small error the rotor angular speed at low speeds. The
motor load torque estimation improves the control system properties at zero or very low rotor

speeds.

In Figure 16 stator and rotor resistance is changing in simulation. In stationary state
(Fig. 17) the parameters are changing to 300% and the control system with the backstepping
observer is working stable. In Figure 16 motor start up to 1.0 and reversal to —1.0 is shown —
the parameters are change to 150%. If the parameters were above 200% in dynamic state the
control system and the observer have variables oscillation.



www.czasopisma.pan.pl P N www.journals.pan.pl

N

408 M. Morawiec Arch. Elect. Eng.

The performance results for 160 kW machine were shown when (in experimental realiza-
tion) the resistances of IM (R, was changed about 30% after 5 hours work — standard technical
test) and (R, — too) — small oscillations are seen in Figure 12 (xj, and xy,) only. The serious
study on parameter sensitivity exceed of volume of this paper.

9. Conclusion

The paper presents the control system of an induction machine supplied from a voltage
source converter. The multiscalar backstepping control was used both in the voltage source recti-
fier and machine converter. The proposed control system structure is an innovative solution and
it guarantees good voltage stabilization in the dc-link, which can be seen in Figure 10-11. The
multiscalar backstepping control ensures good static and dynamic properties of the drive system.

The proposed method of limiting the reference variables and load torque estimation may
be used in the experimental systems. The drive systems where the reference variables are not
limited or are indirectly limited by the delay element are not suitable for use in the industrial
drive systems.

Table 1. The motor driver system parameters

Parameter Value
P, (motor power) 160 kW
U, (phase to phase voltage) 400 V
1, (current) 279 A
J (interia) 0.045 kgm2
n,, (rotor speed) 1500 rpm
Parameter Per unit values
R, (stator resist.) 0.01
R, (rotor resist.) 0.012
L,, (mutual-flux induct.) 2.15
L (stator induct.) 2.205
L, (rotor induct.) 2.205
VSC Per unit / SI
C (capacitor in dc-link) 1.44 (4.2 mF)
R (inductor resist.) 0.48 (0.4 Q)
L (input inductor) 0.098 (0.256 mH)

Table 2. Definition of per unit values

Definition Description

U,= \/gU” base voltage
I, =1, base current

z, =U,/1, base impedance
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Fig. 18. 160 kW voltage source converter with induction machine
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