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A novel field-oriented vector control for induction generators is presented. Design procedure is based on indirect field
orientation concept and exploits output-feedback linearizing technique for voltage controller design. Proposed solution
guarantees asymptotic rotor flux and DC-link voltage regulation together with linear nominal dynamics of the DC link
voltage error. Decomposition into voltage and current-flux subsystems, based on the two-time scale separation, allows to
use a simple controllers tuning procedure. Results of comparative experimental study with standard indirect field-oriented
control, having linear PI voltage controller, are presented. It is shown that designed controller, in contrast to standard
solutions, provides system performances stabilization when speed is varying. Proposed control algorithm is suitable for
standalone and grid connected (via suitable inverter) energy generation systems with variable speed operation.
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Introduction. During last decades, there has been a growing trend to improve the efficiency of the
electromechanical energy conversion process in electrical drives and energy generation systems. Variable
speed generation is an attractive solution for many small and medium power energy plants: diesel, hydro and
wind power stations [4], [6], acrospace and naval power systems [1]. The main advantage of the variable
speed generation is higher achievable energy efficiency of the primary mover and electrical generator.

The most spread configuration of the energy generation systems consists of permanent magnet
synchronous generator (PMSG) with AC-DC-AC power converter. Such structure established de facto the
industrial standard for modern wind power stations. Nevertheless, the cost of PMSG is significantly higher
than induction machine due to the use of rare-earth magnetic materials. The tendency to reduce the use of
expensive rare-earth magnets has stimulated a renewed interest for development of advanced control for
induction machine based energy generation (IG). The electromechanical systems on the base of vector
controlled doubly-fed induction generators is well known solution for the systems with restricted speed
variations of the primary mover [8]. The doubly-fed induction generator allows to produce constant-
frequency electric power from a prime mover whose speed varies within a slip range, typically 20-30% of
the generator synchronous speed. The converter needs only be rated for a fraction of the total output power,
which depends on the allowable slip range [8].

Simple and cheap generation systems, based on capacitor self-excited squirrel cage induction
machine [7], do not provide required accuracy of the voltage and frequency control. An alternative approach
is known as induction generation under field-oriented control (FOC), reported in large number of
publications since 1990th [3], [4], Fig. 1. The standard structure of the FOC generation system is simple a
copy of the induction motor speed control system with speed PI controller replaced by the DC-bus PI voltage

Converter controller. The similarity of the two system is based on fact
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Fig. 1. Generation system structure computation, a novel nonlinear flux observer with
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saturation effect consideration is proposed. More recent publication [2] reports the system analysis based on
some sort of linearized model and frequency domain approach. Active losses optimization is considered in
[6]. Nevertheless no well-defined and theoretically justified solution of vector controlled IG is still available.
The stability properties of the existing systems are not proven theoretically, as result controller tuning for
performances specifications cannot be established and typically based on worst-case design consideration.
This leads to reduced dynamic performance of the voltage control subsystem, when generator speed and flux
are not constant.

The goal of this work is to develop a new IG output-feedback linearizing flux-voltage control
algorithm, which in contrast to existing solutions, provides linear nominal DC link voltage error dynamics,
and therefore allows specifying the dynamic performances of the voltage control loop.

Some preliminary results of this paper are given in [10], where system dynamic performance has
been studied by simulation. In this paper, the results of experimental tests are presented in order to
demonstrate the performances of proposed control during different operating conditions. Comparison with a
standard solution, having PI voltage controller, is given as well.

This paper is organized as follows. The IG model and control problem formulation are given in
Sections II. The flux-voltage controller is designed in Section III. In Section IV, the experimental and
simulation results are reported followed by the Conclusions of the study.

II. PROBLEM STATEMENT. The standard two-phase model of the symmetrical induction
generator, under the assumptions of linear magnetic circuits and balanced operating conditions, is
represented in an arbitrary rotating reference frame (d-q) as [9]

1, = —yi, + ogi, + apy, +Boy, +u,/c,
i, =Y, — 0y +aBy, —Boy, +u /o,
Yy =—oyy + (0, —o)y, +al i,
V, =—ay, —(o, o)y, +al, i,
€, = 0,,,(0)=0,

P =—(3/2)(udy +u,iy),

(1

where u=(u,,u, )" is the control vector of stator voltages, i= (1451, ), y= (Wa v, )" denote stator current
and rotor flux vectors, ® is the rotor speed. Subscripts d and q stand for vector components in the (d-q)
reference frame, ¢, is the angular position of the (d-q) reference frame with respect to a fixed stator
reference frame (a-b), where physical variables are defined; P, — active power produced by IG.

Positive constants related to the electrical and mechanical parameters of the IM are defined as

RZ Lzm Lm Rl
follows: oa=—, c=L,|1- , B= , y=—+alL B, where R,,R,,L,L, are stator/rotor
L, LL, oL, c
resistances and inductances, respectively, L _ is the magnetizing inductance. One pole pair is assumed

without loss of generality.

m

Transformed variables in (1) are defined according to

_ a-Jg _ AJdg
Xgq =€ " Xyps X =€ Xy 2)

3, | COSE sing, B 0 - . .
where e = ) , J= , Xy, stands for two-dimensional voltage, flux and stator current
—sing, Cosg, 1 0

vectors.

The electrical power P, produced by the IG, is transferred to DC-link by IGBT converter. Assuming
ideal conversion without losses, the DC-link power Py is equal to stator-generated power P,. In this case DC-
link voltage V4 dynamics is described by

V. =(i —i.)/C, (3)
idc = Pdc /Vdc = Ps /Vdc > (4)

where C — is DC-link capacitance, 1,, — DC-link current from converter, i, —load current.
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Consider the IG and DC-link models (1) — (4) and assume that:

Al. The stator currents, rotor speed and load current are available for measurement. Rotor speed
® >0 is slowly varying. All generator parameters and DC-link capacitance are known and constant.

A2. The DC-link voltage reference V,, >0 is constant.

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

COl. Asymptotic voltage regulation with all internal signals bounded, i.e.

limV, =0, )

t—w

where V, =V, —V, is voltage regulation error.
CO2. Asymptotic flux regulation:
limy =0, 6)

t—>o0
where [y =y —y’ —is a flux regulation error,  — flux vector magnitude, y* >0 — constant flux reference.

CO3. Asymptotic field orientation, i.e.
limy, =0. )

t—owo
The following sections report the proposed solution to the formulated control problem.
ITII. CONTROLLER DESIGN
A. Flux- current field-oriented controller
Let consider the indirect field-oriented control algorithm for system (1) [9], which consist of
- flux controller

. _ _ . *
80—030—03+och1q/\y ,

. . ®)
o =(ay" +V) /oL,
- current controllers
u, :c(yiz ~ oo, —opy’ —kii, +xd), ©)
Xg= _kii;d’
u, :c(yi;+w0id+Bmw*—kifq+xq), (10)

X, =Kyl

where i, =i, —i, and i, =1, —i: are current tracking errors, iz,i; — are references for i, and i, currents
respectively, X4, Xq — integral terms of current controllers, (k;,k; ) are the current controller’s proportional
and integral gains.

Assume that i: and i, are slowly varying signal with respect of stator current dynamics, so that

i, = i; =0. Under these conditions, the current-flux error dynamics can be written as

iy =—(k; +7)i, —x, + B, +Poi,,

X, =k.1,,
Ld ii~d ) (11)
i =—(ki +y)iq -x, tafy, —Poy,,
X, :kﬁfq,
W, =—oy, +o,§ +(1Lm;,
d d Wy d (12)

\qu = _aq’q - O‘)Z\T]da
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where J, =y, -y, §, =y, —are the flux tracking errors, ®, =(®, - ®).
For high enough current controllers gains k;,k. we obtain current-fed condition such that
(id,Iq)zo, (13)
and as it follows from (12) we have
lim (., ) =0. (14)

Stability conditions for the system (12) are derived using Lyapunov’s method in [9]. From condition
(14) we conclude that both rotor flux modulus regulation and asymptotic field orientation (CO2 and CO3)
are achieved.

B. Feedback linearizing voltage controller

From conditions (13), (14) and 1d :i; =0 it follows that (x4, X4 )=0, therefore from (9), (10) we

obtain
u, =R, —ocw,i,
R : : (15)
u, =Rji, +(XL2miq /L, +owyi, +L oy /L,.
Using (15) the IG output power is computed as
3 .*2 .*2 L2 .*2 L *.*j
P =—R,(i; +1 )+ R, =1 +—"oy 1 | (16)
2( (58 +57) oL,

According to (16) and under conditions (13), (14), 1d :i; =0 the stator output power consist of

three components: active loses of the stator circuit (proportional to R;), active rotor loses (proportional to
R») and input mechanical power

. 3L .
P =—Cvyio=—"vyiono=To, 17
v STV (17)

where T — is electromagnetic torque.
Using equations (3), (4), (15) we can derive

*) 2
. \V L Lm o Lm * ok .
V, =—— [R1 [—Lz +1q2:| +R, _L2 1q2 +—L oy qu—lL /C, (18)

2 2

and voltage error regulation dynamics becomes (V. = const )

- 1 3 v .*z} 2. L ..) .
Vi =—— Rl[—ﬂ +R, i +—"oyi -1, /C (19)
czvdc{ o LoL Y
In (19) a torque component of the stator current reference iz is a control input, while i, is
perturbation (measurable signal).

Let us define a desired voltage dynamics as given by the second order linear asymptotically stable
system in the following form

Vdc - kv\Nfdc + Xy (20)
XV = _kvi{/dc’

where (k,,k,;)>0 are the proportional and integral gains of voltage controller.

Feedback linearizing voltage controller from (19) and (20) is given by the solution of nonlinear
algebraic equation
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C2V, m > 2 e2y)
Xy __kvivdc’
as follows
2
i:; :_I]:jw\lf* +\/(II:1®W*J _4(ocli‘+R1Jp/2((in‘:+R1j,
p=Ry "L} +(2/3)V, (i, +C(k, Vi, +x,)), (22)
x, =-k,V,.

Solution for the voltage controller (22) establishes a  physical limitation
(mew* / Lz)2 —4(ocL2m /L, +R1)p >0 for energy conversion using fully controlled AC-DC converter,
which is standard condition for such systems. Since variable p is error dependent (V,,,x, ) this solution is
local. If " =const, V, =const, w and i, are slowly varying, (\7clc , X, ) — small enough, voltage controller
gains (kv,kvi ) >0 are small with respect of current controller gains (ki,kii ) , then i; is slowly varying and
therefore assumption 1: =0 is valid. From this analysis it follows that according to solutions of (20)
lim\~7dc =0, and therefore asymptotic voltage regulation (COI) is locally achieved. A controller block

t—0

diagram is shown in Fig. 2.
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Fig. 2. Block diagram of the voltage control system with feedback linearizing controller
Based on analysis above we conclude that for slowly varying signals in right hand side of (22) the
dynamics of the voltage control loop can be designed much slower than current loops dynamics (11)
providing the two-time scale separation, needed to justify a common assumption for current fed IG control.

Under these conditions the system error dynamics is given by (20), (11), (12) and allows separated
considerations of the two subsystems: voltage control loop (20) and flux-current error dynamics (11), (12).

current
controller
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System tuning is provided by selection of proportional and integral gains for voltage and current
controllers as

k,=k>2/2, ki =(k, +v) /2. (23)

Such tuning provides damping factor g:ﬁ/ 2 for each control loop. Natural frequency of
undamped oscillations is given by ?, =k, for voltage controller and ®;, =k, for current controllers. The

two-time scale separation between voltage and current loops is satisfied for condition ®, >(3-4)®,, .
From this stability analysis it follows that lim(\pd,ﬁ/q,fd,fq ) =0, 1im\~/dlc =0, and therefore control
t—ow t—o0
objectives CO1-CO3 are locally achieved if (me\v* /L, )2 - 4(OLL2m /L, + Rl)p >0.

Remark. For 1, =const a compensation term i, may be removed from feedback linearizing
controller (22) leaving i, compensation for the integral action of the voltage controller.

IV. EXPERIMENTAL STUDIES. The experiments are carried out using the Rapid Prototyping
Station, which includes (Fig. 3): (1) induction generator (see rated data in Table 1) coupled with DC- motor
used as primary mover; (2) three-phase PWM controlled converter, operated at 5 kHz switching frequency;
(3) commutated load resistance Ry; (4) DSP TMS320F28335 controller which performs data acquisition,
implements control algorithms with programmable tracing of selected variables; (5) personal computer for
processing, programming, interactive oscilloscope, data acquisition, etc. The motor speed is measured by a
2500 pulse/revolution optical encoder. The sampling time is set at 200 us. DC-link capacitance is equal to

1000 pF.

CS3 . . .

’ During all experiments, rotor speed is

O 1G . . .
> DC s - . . controlled by industrial closed loop DC-drive.
2;0_ == * L Eﬁ - In order to compare proposed solution with
o , ) | & the standard PI controller, described in [10],
v { brooder we eliminate compensation of the load current

3% Cf T §T 1, in (22) at the first stage of experiments.
; ’ © b gl & Vae iy Tuning parameters of the controller
_l <:'\‘/ TMS320F28335 bas§d DSP-controller are set to: current controller (9), (10)
= (32 bit, floating point) 5

k, =600, ki =(k,+y) /2; voltage

Fig. 3. Experimental set-up of induction generator controller (22) k =125, k =k’ /2; standard
electromechanical system PI controller [10] k =0.15, k ,=15. Standard

and developed controllers are tuned to provide
the same performances when system operates at speed 140 rad/s.

Table 1. IG parameters

Rated mechanical power 5.5kW | Stator resistance 1.04 Ohm
Rated phase voltage, rms 220V Rotor resistance 0.7 Ohm
Rated phase current, rms 11 A Stator inductance 0.124 H
Rated frequency 50 Hz Rotor inductance 0.124 H
Number of pole pairs 2 Magnetizing inductance 0.118 H

All tests are performed using the following operating sequences (Fig. 4):

- at initial time the DC-link voltage is charged to 290 V, rotor speed is stabilized by the primary
mover at ® = 140 rad/s;

- initial time interval 0...0.3 s is used to excite the generator by applying flux reference trajectory,
reported in Fig. 4, with (0) =0.02 Wb and reached the value of 0.5 Wb (low flux level is used in order to

prevent converter voltage saturation during system start-up with low level of V.);
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- starting at t=0.5 s, the voltage reference increases to 540 V with first time derivative equals to
500 V/s;

- starting at t=1.5 s, the flux reference increases to y'=0.96 Wb in order to achieve IG operation with
rated flux;

- at time t=2 s the load current equal to 6.7 A (correspond to 3.6 kW of power, 80% of rated value) is
applied and at t=5.5 s is removed;

- under load condition a speed variations are applied: starting from t=2.5 s speed increased to 150
rad/s and from t=3.5 s is decreased to 130 rad/s.

x . . Experimental
600 Voo Vand i x30. A 1 / o, Wh results for proposed voltage
5007 \V* 0.8 / control algorithm (8)—(10),
‘3‘88 A0 B Y Sy A 0.6 — (22) are shown in Fig. 5.
200 1 ! 0.4 / Flux and voltage tracking
100 L i 0.2 errors as well as currents ig
{
00 1 b 3 4 5t 00 1 b 3 4 5t and.iq duri.ng simulation are
depicted in Fig. 6. As it
Fig. 4. Flux, voltage reference trajectories and load current profile follows from the transients
in Fig.5 and Fig. 6 the
V.V o, rad/s proposed  control  algorithm  provides
B 160 = asymptotic flux-voltage regulation under
%((é — 140 [~ N speed variation condition. Experimental
10 ~ 120 transients are close to results of simulation.
30 . o L
AT 2 3 4 s us 00— 3 4 s s Trans.lents with ip compegsathn n
ip A i, A control algorithm (22) are shown in Fig. 7.
12 A 2 ] Due to presence of ip compensation a
8 1 ( dynamical voltage erroratt=2sandt=5.5s
4 1 poet is reduced to negligible level.
0 1 2 3 4 5 s 1 2 3 4 5 s . In order to compare dynamic
N N behavior of the standard PI and developed
4 o A 4 e A feedback linearizing voltage controllers for
2+ l 2 different constant speeds ®=140rad/s and
0 B M 0 ow=75rad/s we perform the additional
2 -2 experimental test. During this tests the load
Yo 1 2 3 g b fo 1 2 3 45 s current (33% of rated value) is applied at t =
0 Lo 300 ug v = 0.2 s and removed at t = 0.6 s. Transients
20 20 7 S — for both controllers are depicted in Fig. 8.
0\_‘ || 1507 —/
-20 ] 100
-40 W o lf .
B T B S - 00/ R From voltage error evolutions
b b reported in Fig. 8 it follows that both
Fig. 5. Transients during flux-voltage regulation: controllers provides the same dynamic
experimental results behavior when system operates at speed 140
rad/s. Performances of the proposed
VeV 7. Wb controller are independent from generator
40 0.1 5 . .
30 005 speed. At the same time dynamics of standard
1 0 controller deteriorates when ®=75 rad/s with
é(é 005 almost twice increasing of the dynamical
o 2 3 4 s oo 1 2 3 4 5 s voltage error.
i, A i, A
12 d 0 q
g A -4 Note that systems under experimental
4A [ -8 comparison demonstrates similar to [10]
-12 dynamic behavior, which has been obtained

0 1 2 3 4 5 ts 0 1 2 3 4 5 ts by simulations with 2.2 kW generator.

Fig. 6. Transients during flux-voltage regulation:
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Fig. 8. DC-link voltage regulation at speed 140 rad/s and 75 rad/s. Experimental results:
a) proposed controller (8)-(10), (22); b) standard PI voltage controller

V. CONCLUSIONS. In this paper, a novel indirect field-oriented controller for induction generator
based on output-feedback linearizing technique has been designed and experimentally verified. The
nonlinear control algorithm guarantees local asymptotic voltage-flux regulation under variable speed
conditions. The proposed design approach provides simple and substantiated controller tuning procedure. An
intensive experimental study of the proposed solution and comparison with standard PI voltage controller has
proved that, in contrast to existing solutions, feedback-linearizing controller provides system performances
stabilization when speed and flux are varying. Experimental transients are close to simulation results.
Designed controller is suitable for standalone and grid connected (via suitable inverter) energy generation
systems with variable speed operation.
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INOJIEOPIEHTOBAHE JITHEAPU3YIOYE KEPYBAHHA ACUHXPOHHUM I'EHEPATOPOM: TEOPIS TA
EKCIIEPUMEHTH

C. lepecana, nokr.TexH.Hayk, C. KoBbaca, kann.texn.Hayk, C. Kopoab, kann.texn.Hayk, M. Kerincbkuii
HauionanbHuii TexHiyanii yHiBepenTer Ykpainu "KuiBcbknii nosnitexniyamii incruryt im. Iropsa Cikopeskoro',
np. [lepemoru, 37, 03056, KuiB, Ykpaina. E-mail: sergei.peresada@gmail.com

Ilpeocmasneno HO8y cucmemy 8eKMOPHO20 KEPYBAHHA ACUHXPOHHUMU ceHepamopamu. IIpoyedypa npoexmysanHa Oa-
3yemMbCa Ha KOHYenyii Henpamoi opicumayii 3a 6eKMoOpoM NOMOKO3UeNnIeHHsA pOmopa i 8UKOPUCINOBYE Memoo NiHed-
pusayii 360pomuim 36’A3Kk0M OJisL NPOEKMYBAHHA pe2yIAmopa Hanpyeu. 3anponoHosane pilleHHs 2apaHmye acumnimo-
muune pe2yio8anis NOMOKO3YEeNIeH sl pOmopa i Hanpyau 8 Aanyi NOCMIUHO20 CMPYMYy, 3abe3neuylodu TiHIUHY OUHAMI-
Ky NOXUOKU pe2ynioganHs Hanpyeu. 3a60sKu po30LIeHHI0 KOHMYpPI6 pe2yi08ants 6 4aci 00CA2acmuvcsi 0eKOMNO3UYIs Ha
niocucmemy Hanpyeu i niocucmemy Cmpymy-nomoKo3uenieHts, wo 00380JA€ GUKOPUCTOBYEAMU NPOCHY NPOYeoypy
Hanawmyeanus pe2yisamopis. ¥ pobomi npedcmasieni pe3yiomamu NOPIiGHANLHO20 eKCHEPUMEHMATLHOZO 00CHIOMNCeH-
HSL 3aNPONOHOBAHO20 AN2OPUMMY | CIAHOAPMHO20, AKUL OA3YEMbCA HA AN2OPUMMI 3 HENPIMOIO OPIEHMAYIEIO 3a NO-
moxo3uenienHam pomopa i sukopucmogye niniunuil I11 pecynamop nanpyeu. Iloxaszano, wo po3pobneruil KOoHmpoep,
Ha GIOMIHY 8I0 CMAHOAPMHUX piuleHb, 3a0e3neyye cmabinizayilo NOKAZHUKIE AKOCMI CUCeMU NPU 3MiHI KYMo8oi umeuo-
Kocmi pomopa 2enepamopa. 3anponoHo8anull aieopumm Kepy8aHHs Moice 3aCmMoCO8Y8AMUCs 8 CUCTIEMAX 2eHePYBaH-
HA 31 3MIHHOI0 PODOUO0I0 WBUOKICMIO, AKI NPAYIOIOMb 8 A8MOHOMHOMY PeXCUMI YU NIOKIIOYeHi 00 Mepedxci uepes 8iono-
sionui ingepmop. bion. 10, puc. 8, Tadm. 1.

Kntouosi cnoea: acHHXpOHHUI TeHEpaTOp, TOJICOPIEHTOBAHE KEPYBAaHHS, CHCTEMa TeHepyBaHHS SHEPTii.
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INOJEOPUEHTUPOBAHHOE JIUHEAPU3UPYIOHIEE YIIPABJIEHUE ACUHXPOHHBIM 'EHEPATOPOM:
TEOPHUSA U DKCIIEPUMEHTbBI

C. lepecana, nokr.TexH.Hayk, C. KoBb6aca, kann.texa.Hayk, C. Kopoab, kang.texs.Hayk, H. JKeaunckui
HanmonanbHbli TexHU4YeckHMil yHHMBepcuTeT YKpauHbl " KueBckuii moaurexuuyeckuii ”HCTHTYT uM. Urops
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IIpedcmasnena Ho6as cucmema 6eKmMoOPHO20 YNPAGIEeHUs. ACUHXPOHHBbIMU 2eHepamopamu. IIpoyedypa npoekmupoganus
basupyemcs Ha KoHyenyuu KOC6EHHOU OPUESHMAYUU NO GEKMOPY NOMOKOCYENNeHUs pOmopa U UCHONb3Yem Memoo Ju-
Heapuzayuu 00pamuoll céa3bl0 O0Jis NPOEKMUPOBAHUA pe2yIamopa Hanpsicenus. IIpednodcentoe pewenue 2apanmu-
pyem acumMnmomuyeckoe pe2yiuposanie NomoKocyenieHus pomopa u HanpaXceHus 8 36eHe NOCMOoAHHO20 MoKa, odec-
neuueas TuHelHyio OUHAMUKY OWUOKY pe2yauposanus nanpaxcenus. biazooaps paszoenenuio KoHmypoe pecyiuposanus
60 8peMeHU doCmuUeaemcs OeKOMNO3UYUs Ha NOOCUCMEMY HANPAICEHUS U NOOCUCEMY MOKA-NOMOKOCYENIeHUs, YO
no360J15A€m UCNONL306aMb NPOCIYIO NPOYeoypy HACMPpOUKU pecyasmopos. B pabome npedcmasnenvl pe3yibmamuyl
CPABHUMENLHO20 IKCNEPUMEHMATILHO20 UCCIE008AHUA NPEONOICEHHO20 AN2OPUMMA U CHAHOAPMHO20, KOMOPYbIll OCHO-
6aH HA ancopumme ¢ KOC6EHHOU Opuenmayuell no NOMOKOCYenIeHur0 pomopa u ucnonvzyem nunelinvii 1IH pecynsmop
nanpsicenus. Ilokazano, umo paspabomannulii KOHMPOIAEP, 6 OMAUYUE OM CIMAHOAPMHBIX peuteHull, obecneuugaem
cmadunuzayuio noxasamenell Kawecmea cucmemyvl npu usMenenuu y2ioeou ckopocmu pomopa cenepamopa. Ilpeono-
JICEHMbBIU ANCOPUMM YNPAGIEHUS MOJICEM NPUMEHAMbCS 8 CUCIEMAX 2eHePpUPOBAHUs C NepeMeHHOl paboyell cKopoc-
mblo, Komopule pabomaiom 6 agMmOHOMHOM pedlcuMe U NOOKIIOUEeHbl K Cemu Yepe3 CoOOmeemcmeyouull UH8epmop.
bu6. 10, puc. 8, Tabm. 1.
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