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ROBUST DIRECT FIELD ORIENTED CONTROL OF INDUCTION GENERATOR
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A novel and robust field oriented vector control method for standalone induction generators (IG) is presented. The
proposed controller exploits the concept of direct field orientation and provides asymptotic rotor flux modulus and DC-
link voltage regulations when a DC-load is constant or slowly varying. Flux subsystem, designed using Lyapunov’s
second method, has, in contrast to standard structures, closed loop properties and therefore is robust with respect to
rotor resistance variations. A decomposition approach on the base of the two-time scale separation of the voltage and
torque current dynamics is used for design of the voltage subsystem. The feedback linearizing voltage controller is
designed using a steady state IG power balance equation. The resulting quasi-linear dynamics of the voltage control
loop allows use of simple controllers tuning procedure and provides an improved dynamic performance for variable
speed and flux operation. Results of a comparative experimental study with standard indirect field oriented control are
presented. In contrast to existing solutions, the designed controller provides system performances stabilization when
speed and flux are varying. It is experimentally shown that a robust field oriented controller ensures robust flux regula-
tion and robust stabilization of the torque current dynamics leading to improved energy efficiency of the electrome-
chanical conversion process. The proposed controller is suitable for energy generation systems with variable speed
operation. References 18, figures 8.

Keywords: induction generator, direct field orientation, flux observer, DC-link voltage stabilization, variable speed,
energy generation.

Introduction. Variable speed electrical energy generation is an efficient technology widely applied
in diesel-, hydro- and wind-power stations, ground vehicles, aerospace and naval power systems [1] — [5].
The main advantage of variable speed generation is higher achievable energy efficiency of the primary mov-
er and electrical generator.

The vector controlled doubly-fed induction generators (DFIG) allow production of constant-
frequency electric power from a primary mover, the speed of which varies within a slip range, typically 20—
30% [2]. AC-DC-AC power electronics configuration is commonly used for permanent magnet synchronous
generator (PMSGQG) based systems [4] known as the most advanced generation systems for modern wind
power stations. Nevertheless, the cost of PMSG is significantly higher compared to an induction machine
due to use of rare-earth magnetic materials, which have a very limited origin. In addition, their cost is con-
tinuously increasing. The tendency to reduce usage of expensive rare-earth magnets has driven a renewed
interest for research into advanced design and control concepts for squirrel-cage machines. An alternative
approach is known as vector controlled induction gen-

eration. Vector or field-oriented control (FOC) [6], Converter

advanced FOC [7] and direct torque control [8], re- 1G 1 l
ported in a large number of publications since 1990s, [Primary 0 Z@‘L Voltage| € "§
are de facto considered as the industrial standard for LIDOVer [, . Se“f"r T —
energy generation systems based on 1G. Both classical / ™ ¢ *

are studied as control concepts in publications. Encoder
In case of standalone applications, the induc-
tion generator controller regulates the DC-link voltage,
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as shown in Fig. 1, by controlling the torque component of the stator current.

A standard IG control structure is similar to induction motor speed control system with PI speed con-
troller replaced by a DC-bus PI voltage controller. Nevertheless, this similarity arises from the simplified
consideration of the DC-link voltage dynamics, which is nonlinear since it follows the input-output power
balance of the IG-converter system. A typical approach for such systems design is based on linearization of
the voltage dynamics [10] — [12] and application of different control techniques for linear systems, like the
frequency domain approach, worst case and Lyapunov based design, etc. Most of the contributions take into
consideration the saturation effect in the IG model to enable operation with variable flux in field weakening
regimes and for losses optimization.

It is well known that vector controllers with rotor flux orientation are sensitive to rotor resistance
variations due to machine heating. Therefore, a field oriented flux controller does not provide asymptotic
field orientation and flux modulus regulation; this leads to a degradation of the torque control performance
and reduce the efficiency of electromechanical energy conversion. This problem is well studied for motor
vector control systems, but has not been widely addressed for IG systems.

At present, the published studies have established both the theoretical and the practical methodolo-
gies to construct the vector-controlled IG systems to satisfy the requirements of a wide spectrum of applica-
tions. However, most of them are based on strong simplifying assumptions (neglected nonlinear dynamics,
linearized models, current feed conditions etc.). In addition, stability of the existing systems has not been
proven theoretically since the performance specification and the controller tuning are very complex. Robust-
ness to the parameters variation is still an open research topic.

The aim of this work is to design and verify a novel vector control system for IG that improves the
robustness with respect to the rotor resistance variations, as well as dynamic performance and efficiency of
the energy conversion.

The main contribution of this paper is a novel voltage-flux controller design procedure that provides
an asymptotic rotor flux regulation together with asymptotic direct field orientation and asymptotic DC-link
voltage stabilization. In contrast to existing solutions, the flux subsystem is designed using Lyapunov’s 2™
method and is operated using estimated flux current error feedback. Such design guarantees:

- an exponential convergence of flux subsystem regulation errors to zero;
- decoupling from the voltage control;
- and improved robustness, hence improved dynamic performance and efficiency of the energy conversion.

Voltage-flux decoupling allows design of the voltage subsystem using a decomposition approach
based on the two-time scale separation of the voltage and torque current dynamics. The theoretical findings
of this paper and the effectiveness of the proposed approach are confirmed by thorough experimental valida-
tion. The paper is an expanded and further developed version of the earlier conference papers [13], [14].

The paper is organized as follows. The IG model and control problem formulation are given first.
Further the flux-voltage controller design is revealed. Next, the experimental results are reported, these are
followed by the Conclusions of the study.

Model of induction generator and control problem statement. For the purpose of this study, the
1/A-saturated 1G model reported in [15] has been employed. The model assumes that only the magnetizing
inductance L,, is saturated hence the leakage inductances are constant, and neglects the cross-saturation in-
ductance so static and dynamic magnetizing inductances are equal.

The following definitions are wused: static inductance of the magnetizing circuit is

L, (i) 2, (in)/in » Where yu(inm) is magnetizing curve, and i defines magnetizing current; stator and
rotor inductances, respectively are L, (i, )=L, (i,)+L., L,(i,)=L, (i,)+L,,, where Li;=const and
L,s=const are stator and rotor leakage inductances.
Under these assumptions, the two-phase model of saturated electrical part of IG in an arbitrary rotat-

ing reference frame (d-q) is given as follows:

id = _Ymid + (DOiq + amBm\de + mBqu + ud / Gma

iq = _Ymiq - O)Oid + a‘mBm\Ijq - (Dﬁm\ljd +uq /Gm’

\de = _am\ljd + a’mLm (lm )ld + (’OZWq’ (1)

\ijq = _(x‘m\qu + amLm (im )lq - (’02\|Id’

€, =, &(0)=0,

P, =—(3/2)(ugy +ugi, ),
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where uy, uq are stator voltage components (here and throughout the paper subscripts ‘d’” and ‘q’ denote vec-
tor variable components in the d-q reference frame), i4, iq are stator currents, yq, g define the rotor flux
components, ® is the rotor speed, g is the angular position of the d-q reference frame with respect to a fixed
stator reference frame (a-b) in which physical variables are defined, P, denotes active power produced by IG.

Slip frequency is defined as m,=wy— ®. One pole pair is assumed without loss of generality. In the
model (1) constants (all positive) related to IG electrical parameters are given by

a=R,/L,(i,),B, =L, (i, )/[Lz(im)cm}’ @)

Yo —RG +a, B, L m( ) —L i /L m

where R, R, are stator and rotor resistances respectively. The index ‘m’ in (2) is used to denote the parame-
ter’s dependency on magnetizing current i,,. From the practical assumption that there is a constant relation-

ship between any pair of L;(in), Lo(im) and Ly(in) it can be concluded that a L (im) =oal,  =const, where
L,=const is the machine magnetizing inductance at the rated flux. Magnetizing curve and L,,(i,) for induc-

tion machine used for experimental investigations are given in [14].
Transformed variables in (1) are defined according to

_ . —Jeg _ . Je
qu =¢ 0Xab’ ab =€ OX (3)
cosg, sing 0 -1 : .
where e’ 0 o, J= , Xy, stands for two-dimensional voltage, flux and stator current
—sing, COSg, 1 0

vectors.

Produced by IG electrical power Py is transferred to DC-link by IGBT converter. Assuming an ideal
converter without losses, the DC-link power P4 is equal to generation power Pg. In this case the DC-link
voltage V4. dynamics is given by

lgc :Pdc/vdc ZP/Vd “4)
Vdc:_(3/2) (u1d+u1 / ), ®))

where C is DC-link capacitance, i4. denotes DC-link current from converter, iy is load current.
For the purpose of this study consider the IG and DC-link models according to (1), (5), and assume
that:
Al. The stator currents, rotor speed and load current are available for measurement. All model parame-
ters are known and constant.

A2. The DC-link voltage reference V,, >0 and the rotor flux reference y" >0 are constant.

Under these assumptions, the control problem is to design a flux-voltage controller which guarantees
the following control objectives:

COl1. Asymptotic voltage regulation with all internal signals bounded, i.e. hmV . =0, where

t—o0
\N/dc =V, -V, is voltage regulation error.
CO2. Asymptotic flux regulation: lim =0, where (y =y —y’ is a flux regulation error, y denotes flux
t—o0

vector magnitude.
CO3. Asymptotic field orientation, i.e. limy_ =0.

t—owo
CO4. Robustness to rotor resistance variations.

The following sections report the proposed solution to the formulated control problem.

Controller design. The main problem of the nonlinear controller design for system described by (1)
and (5) is that the controls (ug, uq) are present in both current and DC-link voltage dynamic equations. To
overcome this problem, the following is assumed:

a) flux reference y~ and primary mover speed o are constant or slowly varying;
b) voltage subsystem dynamics is designed to be much slower than torque current iy, providing the two-
time scale separation properties for voltage and torque current controls.

Robust flux-current field oriented controller. Consider the direct field orientation control algorithm
for system (1), which consists of:

—reduced order robust flux observer
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‘:I.\I = _am\’l\j + aLmld ’
oL i i
,\m q + ’YIBmA(Dld , (6)

. A4 hd .
I _ I . A —1 k g .
Iy = =Vulg T Ol + o, B,V +o,u, +kig;

€, =0, =0+

— flux controller

. 1 * o ¥ .
1, =—(0Lm\|/ + —kwew —xw), X, =kwiew; (7
ol
— current controller
ud = Gm (lez - (DOiq - amBmW* - kidid + Zd) H Zd = _kiiid s (8)

where i, =i, —i, is d-axis current tracking error, i, is i, current reference, 1, =i, — id is d-axis current ob-
servation error, zq denotes integral term of current controller, €, =\ —y is estimated flux tracking error,
(kig,k;)>0 are the current controller proportional and integral gains, (kw,kwi ) >0 are the flux controller
proportional and integral gains, y, >0 is correction coefficient, k, defines current observer gain.

It is important to note that the correction term ylﬁmoﬁd / ' in (6) provides the closed loop properties

for flux subsystem and therefore the controller (6) — (8) potentially has robustness properties with respect to
the rotor resistance variations at non-zero machine speed. This property will be proven by results of the ex-
perimental study.

Applying field orientation controller (6) — (8) to model (1), the estimation-tracking error dynamics
can be written as

Xw = _kwiew ’ .

éw = _kw;ew +X, + oL i, )
_2d = _kiild’

iy =~k iy +2 + 0, B0, + 0B,

\T’d = _(x‘m\Ild + (Ds\pqa ~

Wy = =00, 00, —7,0B,1,, (10)

id = _kOid + a‘mBm\TId + me\T]q’

where §, =y, —vy , W, =V, are the flux estimation errors, k , =o,, +k,,, ki, =v, +kis, ko =7, +k,.
Applying Lyapunov analysis, it can be shown that estimation subsystem (10) is globally exponen-

tially stable if condition a_k, >7, (OLLmBm )2 / 4 is satisfied. Hence, estimation errors (\TJ >V q,fd) exponen-
tially converge to zero independently on flux regulation dynamics. From the other hand, subsystem (9) is
linear and asymptotically stable for any values of tuning gains (kid,kii ) >0 and (kw ,kwi) >0. As far as sub-
systems (10) and (9) are connected in series, we can conclude that equilibrium point
X, =(xw,ew,zd,fd,q/d,\11q,fd)=0 of composite system is globally exponentially stable. This implies that
asymptotic field orientation and asymptotic flux regulation are achieved. Hence, the control objectives (CO2)
and (CO3) are met.

Feedback linearizing voltage controller. For g-axis current regulation let consider the following cur-
rent controller

3 . * i . ird
u, =0, ('leq + 0,1, + B0y —kiqlq +zq), z, =—kii1q, (11)

v . ok
where 1 =1, -

i, 18 g-axis current tracking error, i: denotes i, current reference, z4 is integral term of cur-

rent controller, k;  is proportional gain of current controller.
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For y' =const, i, =const and assuming that iz is slowly varying, one can state that i; =iZ =0.
Under these conditions, g-axis current error dynamic can be written as
X, =A,X, + B(t)X,, (12)
0000 O 0 O}
4 -1 -k, :

iql

0000 B,0 ap, O

As far as constant matrix A, is Hurwitz, the nominal dynamics of the subsystem (12) (if B(t) =0)

where izz(z I)T,A2={O K; }kiqlem+kiq and B(t)z[

is linear and asymptotically stable. Matrix B(t) is bounded, and therefore composite system (12), (9), (10) is
exponentially stable. Hence, the equilibrium point
x=(%.%) =0 (13)
is exponentially stable.
Taking into account (13), the applied voltages become
u, = Rli:l - csmoaoi:,

* ok ok * 14
u, =Rji, +al’i /L, +o, o) +L oy /L, (14
Using (14), the IG output power is derived as
P = —E(R (iy +i7)+R Lujo +L—mw*i*J (15)
s 1\d 2 .
2 ! IR

According to (15), the output power consists of three components: active losses in the stator (propor-
tional to R;), active rotor losses (proportional to R,) and input mechanical power

3L «x 3L
P=—""0yi =—"oyi, =Two, 16
"L, Vi L, yi, (16)

where T is electromagnetic torque.
From equations (4), (5), (15) one can derive the DC-link voltage regulation error dynamics for

.
V,. =const as

- 1 [3 v, L’ ., L ,
Vo=———=| R/| =——+1, [+R, 1 +——0oy i [+V,.] |. 17
dc CVdc [2[ I[Lzm (lm) q ] 2 L22 q L2 “II q dc”L ( )
From the right hand side of (17) it follows that the expression in brackets is power balance equation

under conditions (13), (14).
For the dynamics (17), a feedback linearizing voltage controller has been designed as shown in [14],

[18]:
L L ’ L
"oy +, || "oy | -4/ a-™+R, |p
i = L L L =R v +2V, (i +C(—k\~/ +X ))
q L2 » P= 1L2m (im) de \ 'L v Vde v]) (18)
2| o—"+R,
L2

XV = _kvi\?dc'

The resulting voltage dynamics is a second order linear asymptotically stable system in the following
form:

\;[dc = _kv\?dc +X,, X, = _kvi{]dc ) (19)
where (kv,kvi ) >0 are the proportional and integral gains of the voltage controller.
The block diagram of control system is shown in Fig. 2.
Under condition of constant or slowly varying V, , i, and y dynamics of the voltage control loop

can be designed to be much slower than current dynamics (12), (13) providing the two-time scale separation
to justify common assumption for current-fed IG control. Under these conditions, the system error dynamics
are given by (19) and (12) allowing for separated considerations of weakly coupled two subsystems, namely
- the voltage control loop (19) and the g-axis current error dynamics (12). The system tuning is provided by
selection of proportional and integral gains for voltage and current controllers as considered in [14], [18].
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From the above stability analysis, it follows that the local asymptotic regulation lim\7dC =0 is ob-
t—o0

tained, therefore control objectives CO1-CO3 are locally achieved if

Converter
u, u, ’ ¢
Gm Je, CJ. —g
_D 3 uq e u, |_ |VS| 3
d-axis current —T—’ \
controller &g
,,,,,,,,,,,,,,,,,,,,,,,,, i i 3
L af2 :
7777777777777777777777 iq e % i, —o) i [V
1/ 3
E;0
IG
777777777777777777777777777777777777777777777777777777 Pl o O'/ |
Encoder 71 Ipm
Primary
_ mover
Z—»Q_—Z> DC-link voltage
7t controller (18)
; g-axis currenﬂ
S50 ISRl ASTUSURUON: S SO S B controller |
z dec E Vie
Fig. 2

Remark. For i, =const compensation term i, may be removed from the feedback linearizing con-

troller (18) leaving 1, compensation for the integral action of the controller.

Experimental results. Experimental studies were carried out using the Rapid Prototyping Station
(RPS). As shown in Fig. 3, the RPS included: 1) induction generator with rated output power 1.9kW, rated
phase voltage 220 V (rms), rated phase current 5 A (rms), R;= 3.5 Ohm, R, = 2.1 Ohm, L; = 0.2655 H,
L,=0.2655H, L,, = 0.257 H, p,=2; 2) induction motor coupled with IG and used as a primary mover; 3) 20
A and 380 V three-phase PWM controlled converter operated at 5 kHz switching frequency; 4) commutated
load resistance Ry; 5) DSP TMS320F28335-based controller for implementation of control algorithms with
programmable tracing of selected variables; 6) personal computer for processing, programming, interactive

Ry

O o = M 1G
> (e
S o 3 'é __ %SZ Voltage | +1 C
?ﬁ > = sensor | T

zO_ E 3 > csl1

- Encod%j'
=
PC L © isillo [~ 1 Ve
[ — TMS320F28335 based DSP-controller
(32 bit, floating point)
Fig. 3
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oscilloscope, data acquisition, etc.
The motor speed was measured by
1024 ppr optical encoder; the DC-
link capacitance C = 1000 pF and
sampling time was set at 200 psec.

During all experiments,
the rotor speed was stabilized by a
vector control system, which acted
as a primary mover. The goal of
experimental tests was to investi-
gate the dynamic performance and
efficiency of the two control
strategies, namely: indirect field-
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oriented control (IFOC) in standard configuration [14]; robust direct field-oriented voltage controller
(RDFOC), given by equations (6), (8), (11), (18).

In order to compare the dynamic performance of IFOC and RDFOC, the compensation of load cur-
rent 1, was eliminated from the RDFOC algorithm.

Tuning parameters were set as follows: k;, =k; =800, k;= qul /4, k,=500, vy, =0.001,

y,=0.025, k, =125, k, =k’ /2 for RDFOC; and k, =0.18, k, =11 for IFOC. Both controllers were
tuned to provide the same performance of the voltage control loops when the system operated at speed

140 rad/s.

At the first stage, the comparative tests were performed for two constant shaft speeds ©w=140 rad/s
and =100 rad/s using operation sequence, as shown in Fig. 4;
— before the test DC-link capacitor was charged to 120 V, rotor speed was stabilized by primary mover at

o =25 rad/s;

Flux reference, Wb

,,,,,,,,,,,

005 1 15 2 25 ts

600

Voltage references, V and

500

load current profile, A?7100

400

300
200
100
0

0

Fig. 4

— initial time interval 0...0.25s was used to
excite the generator by applying a flux refer-
ence trajectory reported in Fig. 4 with

v (0)=0.02 Wb and reached the value of

0.96Wb;

— starting at t=0.5s, primary mover speed
was increased to predefined value (140 rad/s
or 100 rad/s);

— during IG acceleration, the voltage refer-
ence was increased together with rotor speed

upto V' =540 V;

— at time t=1.5s load current 2.8 A was applied and at t=2.5s it was removed; such a load current corresponds

to the rated mechanical power at machine shaft.

Voltage error, V

Primary mover speed, rad/s

20 160

10 120

O—A ety 80 /
-10 40
2 05 1 15 2 25 t, % 05 1 15 2 25 t, s
6 d-axis current, A 5 g-axis current, A

5<A or

4 -2 N

3f 4

2 -6

1 -8

0 -10

0 05 1 15 2 25 ¢ 0 05 1 15 2 25 ts
4 d-axis current error, A 4 g-axis current error, A
2 l 2

0 Une . o e

-2 -2

-4 -4

0 05 1 15 2 25 t 0 05 1 15 2 25 ts
100 d-axis voltage, V 400 g-axis voltage, V

75 300

50 200 /

25 4 % 100

0 | Nan

0 05 1 15 2 25 ts5s 0 05 1 15 2 25 ts

Fig. 5
20

It is necessary to note, that selec-
tion of the initial values of the voltage
and flux at different speeds is a separate
task, which is considered in [19]. During
experimental investigations, initial values
of the voltage, speed and flux are selected
according to physical capabilities of the
generation system to provide IG excita-
tion during start-up.

Experimental results for RDFOC
are shown in Fig. 5. As it follows from
these results, the proposed control algo-
rithm provides asymptotic field orienta-
tion (condition of CO3) and flux-voltage
regulation (conditions of CO1 and CO2
are met).

In order to compare the dynamic
behavior of the IFOC and RDFOC at
different speeds an additional test was
performed for IG  operation at
®=140 rad/s and ©=100 rad/s. Load cur-
rent for these tests was reduced to
ii=1.8 A in order to provide machine
operation with rated current at low speed
(0=100 rad/s). Transients for both con-
trollers at different speed are depicted in
Fig. 6.

ISSN 1607-7970. Texn. enekmpoounamika. 2021. Ne 4



From these results, it follows that both controllers provide the same dynamic performance when the
system operates at speed 140rad/s. Performances of the proposed controller are independent from the genera-
tor speed. At the same time, the dynamics of the standard controller deteriorates when w=100rad/s: the dy-
namic error increases from 8V up to 12V for the given load.

A second set of experiments
Voltage error, V

Vo{mge SV v 15 was undertaken to compare the dynamic
‘ 10 performance of the two controllers,
(5) leduamnt  When parameter R, used in the control
-5 ‘ algorithm is different from the actual
‘ -10 | one
3 -15 3 ' : .
2.5 3 3.5 t,s 25 3 35 t, s Fig. 7, a shows the transients
o =100rad/s a IFOC ® = 140 rad/s with the standard control obtained for
15 Voltage error, v 15 Vo}tage erro}r, v R,=16R, and R,=0.6R, respec-
10 ‘ 10 ‘ ‘

tively (above this variation range IFOC
becomes unstable). During these tests
loading time was extended up to 3.5s to
; ] achieve steady state operation condi-
25 3 35 t,s tions. As shown in Fig. 7, a, the signifi-

2.5 3 3.5

) t,s ) ) s
® = 100 rad/s b RDFOC o = 140 rad/s cant degradation of the transient per-
formance occurs for parameter R,
Fig. 6 higher than the rated value for IFOC.

The steady state value of i, axis current

is almost 20% greater than the nominal regime. When f(z is lower than original one, voltage regulation dy-
namics also deteriorate and torque producing current increases up to 40%. As discussed in [16], [17], the
inaccurate value of rotor resistance with ﬁz >R, produces the reduction of the rotor flux magnitude. If

ﬁz <R, , the motor electromagnetic system enters the saturation region, causing an increase of the stator

current magnitude. Due to the effect of saturation, the IG operates with almost constant flux modulus, but
with incorrect field orientation.

20 Voltage error, V 5 q-axis current, A Voltage error, V ) g-axis current, A
10 —(Z)M 10 0nf)

= N i i —

v -8 V -10 -8
-20 -10 - -
0 1 2 3 s 0 1 2 3 ts 20() 1 2 3 ts 100 1 2 3 ts
Ry =16Ry ) Ry =1.6R, . ’
20 Voltage error, V 5 a-axis current, A 20 Voltage error, V g-axis current, A
10 9 e 10 3
0 —P& 4§ o—tbn-r 4
-10 +- -6 -6 ——
-8 e -10 1 -8
-20 -10 - -
0 1 2 3 ts O 1 2 3 ts 200 1 2 3 s l00 1 2 3 ts
R, =0.6R, R, =0.6R,
a IFOC b RDFOC
Fig. 7

The results of the same test for RDFOC are reported in Fig. 7, 5. Comparison of results in Fig. 7, a
and Fig. 7, b shows that the developed direct field-oriented controller demonstrates strong robustness proper-
ties with respect to rotor resistance variations. No significant difference during load current compensation
can be noted in transients for nominal (Fig. 5) and perturbed (Fig. 7) conditions.

A third set of experiments was undertaken to compare the system efficiency under steady-state op-
eration. The comparison was referred to steady state behavior of the two controllers at fixed speed of 140
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rad/s. The rated current was applied to verify how stator current magnitude and estimated input mechanical
power varies when wrong values of the parameter IA{Z are used in both control algorithms. During the ex-
periments, iy current was set to the rated value in order to get the nominal rotor flux. The steady-state regula-
tion errors V. and i, are negligible for both algorithms.

The tests were conducted in the following way. Constant load current equivalent to rated power
Py = 1.9 kW was imposed. Different values of parameter f{z were used in both control algorithms and for

each value, the steady state current magnitude and mechanical power of the primary mover were recorded. In
Fig. 8 the current magnitude and mechanical power P, of the standard controller are shown as dashed lines,
while the same variables of the proposed controller are reported with solid lines.

The experimental results in Fig. 8 show that the RDFOC controller is capable of keeping an almost

constant stator current magnitude and input mechanical power even with large liz -parameter error. In con-
trast, the current magnitude imposed by the IFOC controller and required mechanical power considerably
increase when an inaccurate ﬁz is used. As a result, proposed controller provides efficiency stabilization as

it shown in Fig. 9. In worst case, when }iz =1.5R,, efficiency of the RDFOC controller is approximately on
10 % higher in comparison to IFOC controller.

10 Stator current magnitude, A 26 Mechanical power Pp,, kW
— Proposed robust '
91 — —Standard 24 | /,’
\ / AR _
8 \\ 7 2.2 == =
S o R
~ _ 2.0
! Pdc
6 . 1.8 ]
0.4 0.7 1 1.3 R,/R, 0.4 0.7 1 1.3 R,/R,
Fig. 8
1 o
0.9 Efficiency, %
0.85 e
- N
/ \
0.8 7 \
\
0.75
0.7 .
0.4 0.7 1 13 R /R,
Fig. 9

Conclusions. In this paper, a novel robust direct field-oriented controller for standalone induction
generator has been designed and experimentally verified. A nonlinear control algorithm guarantees local
asymptotic voltage-flux regulation under variable speed and flux conditions. In contrast to existing solutions,
the flux subsystem is designed using Lyapunov’s 2™ method and employs an estimated flux current error
feedback. The proposed design guarantees an exponential convergence of flux subsystem regulation errors to
zero, decoupling from the voltage control, improved robustness with respect to the rotor resistance variation
leading to improved dynamic performance and efficiency of the electromechanical energy conversion.

An intensive experimental study of the proposed solution and comparison against the standard indi-
rect field-oriented voltage control system with PI voltage controller clearly demonstrates that a significant
improvement in both dynamic performance and energy conversion efficiency is achieved. The controller
proposed in this paper is therefore suitable for energy generation systems with variable speed operation.
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AJTOPUTM POBACTHOTI'O IIPSIMOI'O BEKTOPHOTO KEPYBAHHS
ACUHXPOHHUM I'EHEPATOPOM
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2 VuiBepcurer Horrinrema, NottinghamNG7 2RD, Beauko6putanis

Y pobomi pospobrero Hosuil pobacmuull areopumm APAMO20 NOIEOPIEHMOBAHO20 8EKIMOPHO20 KePYB8AHHS ABNMOHOM-
HUMU acuHxpoHHumu cenepamopamu (AI). 3anpononosanuii pe2ynamop UKopucmosye KOHYenyiro npsamo20 noaeopic-
HMYBaHHA ma 3abe3neuye adcUMnMoOmuyHe pezyuo8anHs MoOYia 6eKmMopd NOMOKO3YenIeHHs pOmopa i Hanpyau J1aHKU
NOCMIUHO020 CMPYMY 3d YMOBU, WO HABAHMANCEHHA 8 NAHYI NOCMILIHO20 CIMPYMY NOCMIliHe ab0 3MIHIOEMbCA NOBIILHO.
ITiocucmema pezynogants NOMOKO34ENIeH s, PO3POOIEHa 3 GUKOPUCMAHHAM Opy2020 Memody Jlanynosa, na 6iominy
6I0 CMAHOAPMHUX KOHCMPYKYIU, MAE 61ACMUBOCNI 3AMKHEHO20 KOHMYPY i, omoice, 60HA € poOACMHO0 00 sapiayiil
onopy pomopa. /[ns npoexmysanisi nioCUucmemu Hanpyeu 6UKOPUCMOBYEMbCsL NIOXI0 0eKOMNO3UYii Ha OCHOBI pO30iieH-
HA 8 Yaci OUHAMIKU HANPY2U MAd MOMEHMHOL CKIaoosoi cmpymy cmamopa. Jlineapu3yrouuti 360pomHuM 368 s1I3KOM pezy-
JIAIMOP HANpY2u po3pOoOAEHO 3 BUKOPUCMAHHAM pieHANHA banancy nomyaxcnocmi AL 6 yemanenomy pescumi. Pesynomy-
104a KGA3IMIHINHA OUHAMIKA KOHMYPY Pe2ylI08aHHs HANPY2U 0A€ 3MO2Y BUKOPUCTOBYBAMU NPOCHY NPOYedypy HAIAUL-
MYBAHHA pe2ynamopis i 3abe3neuye NOKpaweHi OUHAMIUHI XaAPAKMePUCMUKU 3d YMOBU 3MIHHOT WUOKOCII NEPEUHHO20
Pyulis ma nomoko3yenieHHs. Pe3yiomamu nopieHAIbHO20 eKChepUMEHMANbHO20 00CAIONCEHHS 31 CIMAHOAPMHUM AI20-
PUMMOM HENPAMO2O 8eKIMOPHO20 KePYBAHHIA MAKONC NPeOCMABIeHO 3a018 NOPIGHAHHA 3 Pe3yIbmamamu 3aCmocy8aHHs
po3pobaenoco aneopummy. Ha eiominy 6i0 icuyrouux piwiens, po3pobrenuli arcopumm 3abesneuye cmabinizayito nokas-
HUKI8 AKOCMI pe2yNio8aHHA CUCeMl 3a YMO8U 3MIHHUX wWeUuOKocmi ma nomoko3yenienHsa. Excnepumenmanvuo noxa-
3aHO, WO POOACMHULL AeOPUMM Kepy8aHHs 3a0e3neuye pobacmmue pe2yno8anHs NOMOKO3UeneHts i pobacmmy cmaoi-
QY0 OUHAMIKU MOMEHMHOI CKIA0080I Cmpymy, Wo npu3800ums 00 NOKPAWEHHS eHepeemuyHOl epekmueHocmi
npoyecy eiekmpoMexanivHo20 nepemeopeHHs. 3anponoHOSaHuil pezyisimop Modce 3ACmOCO8Y8amucs Oisl CUCeEM
2eHepysants enepeii 3i 3minHolo weuokicmio. biomn. 18, puc. 8.

Knrouosi cnosa: aCHHXpOHHUU TEHEpATOp, MpsAME MOJICOPIEHTYBAHHS, CIIOCTEpirad MOTOKO3YCIUICHHS, CTadimizalis
HAIPYTH JAHKH ITOCTIHHOTO CTPYMY, 3MiHHA IIBUAKICTH, TeHEepaIlis eHeprii.
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