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Theoretical and Experimental Comparison of Indirect
Field-Oriented Controllers for Induction Motors

Sergei Peresada, Andrea Tilli, and Alberto TonjeNssociate Member, IEEE

Abstract—A theoretical and experimental comparison between o, 3, u, «, Positive constants related to electrical and
standard and recently-developed improved indirect field-oriented mechanical parameters of IM.
controllers for induction motors is presented. It is shown that stan- S\ Tuning gains of the controllers.

dard indirect field-oriented control algorithm provides asymptotic
speed and flux regulation, while the improved one guarantees
global exponential speed—flux tracking under condition of constant

load torque. The difference between the flux sub-system design I. INTRODUCTION

for the two controllers is analyzed. It is shown that the improved . . .

controller provides closed loop properties for flux subsystem when ECTOR controlled induction motor (IM) drives are
motor is rotating, leading to robust stabilization of the rotor flux wide spread electromechanical systems suitable for

vector space position and robust tracking of its modulus. It is high dynamic performance applications. The concept of field
demonstrated that both controllers have similar complexity and orientation [1], as a torque—flux decoupling technique applied

can be tuned using standard procedure for cascaded systems.
Intensive experimental study shows that improved controller to IM control [2], [3], was the background for the development

provides about one order higher speed tracking performance as Of commercial vector controlled IM drives, quite before the
compared with standard solution. Moreover, improved robustness modern theory of nonlinear feedback control was applied for
with respect to rotor parameters variation leads to improved en- control of electric machines.
ergy efficiency and robust stabilization of dynamic performance. Control algorithms based on direct field orientation (DFO)
Index Terms—Energy efficiency, electric drives, nonlinear con- use a flux observer, hence nonlinear flux observers have been
trol, vector control. widely developed [4]-[6]. Control algorithms based on indirect
field orientation (IFO) use the reference values for flux vector
NOMENCLATURE (mgdulu; and gngle} instead of the est.imated.ong. The idea of
indirect field orientation has been considered first in [7].

w Rotor speed. . Although their properties were not strongly theoretically
wo, €0 Speed and angular position of thé-{) proven, both DFO and IFO solutions have been implemented
reference frame. in industrial drives demonstrating performances suitable for a
T Load torque. wide spectrum of technological applications. This stimulated
S . Total inertia. _ a significant research activity to develop IM vector control
i = (ia, iq) Stator current vector represented i) 5 orithms using nonlinear control theory in order to improve

reference frame. performances, achieving speed (or torque) and flux tracking,

u = (uq, ug)"  Stator voltage vector represented i) o 15 give a theoretical justification of the existing solutions.
. reference frame. _ In fact, the first proof of exponential asymptotic stability for

Y = (Ya, ¥q) Rotor flux vector represented idtg) ref-  gangard IFO (S-IFO) control, adopted in industrial drives, is
erence frame. given only in [8] under the following assumptions: current-fed

z Reference value for vectar IM (reduced-order solution); known IM parameters; constant
1r _ Estimate ofl, /J = const.. speed and flux references. It is shown that S-IFO controller
Ty =Ty/J - Ty Estimation error. can be derived using passivity theory [9]. In [10] a full order

Z=z-12" Vector of regulation errors. IFO-controller, which solves the problem of global asymptotic

Ry, Rey Ly, Ly Stator/rpt_or r(_aS|stances and 'ndUCtanceS'speed and rotor flux modulus tracking in presence of unknown
L., Magnetizing inductance.

constant load torque is developed. Nevertheless, algorithm
reported in [10] is more complex than S-IFO and requires to
, _ _ _ tune a larger number of control gains.
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The parameter sensitivity problem of a standard IM vector The aim of this paper is to evaluate the dynamic performance
control algorithms is well stated and several solutions have besamd the robustness of the I-IFO, proposed in [16], by means of
considered to improve the flux vector control accuracy [5], [6theoretical and experimental comparison with the S-IFO control
[11]-[14]. Regarding flux estimation [5], [6] for DFO solutions,algorithm. Both S-IFO and I-IFO controllers are based on the
itis proposed to use so-called “voltage model” during operatictator currents and speed measurements. First it is shown how
at high speeds and “current model” for low speeds. Differetite S-IFO control can be reinterpreted in terms of nonlinear con-
modifications are possible using full order flux observers [4{rol theory. It is proven that the full-order speed—flux error dy-
[12], which include both IM stator and rotor circuit models. Amamics generated by S-IFO controllers is at least locally asymp-
alternative approach is based on adaptive system theory anitically stable, which ensures the practical asymptotic stability
has been applied to DFO [13], [11] and IFO schemes (see [¥dt typical IM operating conditions. From the analysis of the
and reference included). Being observerless solutions, IFO catructural properties of the equivalent error dynamics generated
trollers have less degrees of freedom in control design in ordetip S-IFO and I-IFO solutions, it results that the two controllers
improve robustness. As result, robust IFO control for IM is stihire presented in a configuration which allows adequate com-
far from a definite solution. Some promising ideas of applicatigmarison, providing the same tuning of proportional and integral
of the artificial intelligence approaches to basic field orienteghins of current and speed controllers. It is shown that the dy-
vector controllers of IM are reported in [15], including speedamics of the I-IFO controller presents a “nominal speed-error
sensorless control, which is the main recent trend in IM contr@ubsystem” which is linear and time-invariant for time-varying

Recently, in [16] the authors proposed a new Improved Ispeed—flux references and has a regular structure, independent
direct Field-Oriented (I-IFO) control algorithm, which can bef electric machine parameters. Moreover, itis enlighten that the
viewed as a step in solving the problem of robust indirect fielitlix subsystem of the S-IFO controller is open loop with respect
oriented control of IM. Specifically, the problem of flux—speedo flux errors, while the I-IFO flux controller providedosed
tracking has been addressed in the presence of unknown doop propertiesof the flux error dynamics when the motor is
stant load torque and under the requirement of achieving nestating. The closed loop structure of the flux error dynamics
features for the closed loop dynamics such as: global expongnarantees the robust stabilization of the rotor flux vector also
tial asymptotic speed—flux tracking; asymptotic speed—flux dender rotor parameters variations.
coupling; asymptotic linearization of the speed subsystem; ro-The experimental tests of the two controllers carried-out
bustness with respect to IM parameter (especially rotor resigclude the investigation of the dynamic performance during
tance) variations. Note that proof of the exponential stability ipeed trajectory tracking and step load torque rejection as
one of the important points for robustness analysis via geneyi@ll as evaluation of the efficiency of the electromechanical
stability arguments. energy conversion process during steady state. Operating

The above-reported analysis has been focused on #ihditions with nominal parameters and with variation of the
speed—flux control algorithms proposed in literature whosetor time-constant have been considered.

properties (at least stability) have been analytically provenTne conclusions of the comparison can be summarized as
and experimentally validated. Some important issues relatgiows:

to the problem discussed can be also found in [17]. Only few ) )

results on experimental comparison study of different control 1) Poth controllersrequire the same computational power for

algorithms have been reported in literature so far. Among them real tlme implementation; .
[11], where an adaptive and a nonadaptive observer—basec?) the tuning procedure of control gains is conceptually the
control algorithm of current-fed IM have been compared; [14], same for the two controllers; )
where an adaptive and a nonadaptive indirect field—oriented3) the I-IFO speed-flux controllerhas speed tracking perfor-
controllers are investigated; [18], where the nonadaptive mance about one-order h|gherthan the S'_I,FO pontrollers;
version of [11] is compared with the S-IFO controller for 4) the I-IFO controller prqwdes 'robust. stab|!|zat|on of the
current-fed IM, and [10], where full order S-IFO controller and rotor flux vector (condition of field orientation).
a full-order speed—flux tracking controller were experimentallyn particular, the last results leads to two relevant properties
tested. Some results on implementation of the S-IFO controliender condition of varying rotor parameters: a) better energy
(passivity based, according to [9]) are also reported in [19]. efficiency (up to 30% in experimental test) of the I-IFO con-
The necessary condition for adequate comparison of difeller as compared with S-IFO one; b) robust invariance of the
ferent control algorithms is to assure that they are studieddgnamic properties of I-IFO solution, while the S-IFO shows
comparable conditions. Another important methodologickdrge degradation. Itis experimentally proven that I-IFO control
qguestion for such comparison is how to define the contrdemonstrates robustness properties with respect to rotor time
algorithm that can serve as a touchstone. From analysis of [1€jnstant variation closed to that of adaptive controllers [11] and
[11], [14] and [18], it follows that the natural choice is thg14], if the rotor speed is not null.
full-order S-IFO controller, whose dynamic behavior is well The paper is organized as follows: in Section Il the IM model
recognizable from available industrial products. Neverthelegs)d the control problem statements are given; Sections Il and
the stability and structural properties of the full-order S-IFOV present theoretical and experimental comparison of the two
controllers have not been investigated yet. controllers.
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[I. INDUCTION MOTOR MODEL AND CONTROL d-axis of the reference frame is asymptotically aligned with the
PROBLEM STATEMENT direction of the rotor flux vector, i.e.
A. Induction Motor Model tli)rgo Pa = |9, tlin(}() 1y = 0. (5)

Under the assumptions of linear magnetic circuits and babefiningw*, 4* > 0 as the reference trajectories for speed and
anced operating conditions the equivalent two-phase modelfioik, the speed and flux-modulus tracking (regulation) errors
the symmetrical IM, represented in an arbitrary rotating refe¢an be written as

ence framed—y), is O=w—w*

. . . 1 N .
& = p(tpaiy = byia) = 5 T ba=va—
P =—op — (wo — w)JY + aLpi Vg =g (6)
i ) 1 According to condition of field orientation (5) and error defini-
i=-7i-wJit+afy - fuld+ P @ tion (6) the IM control objective (4) is given by
go=wo;  e0(0)=0 2) Jim & =0, lim g =0, Jim P, =0. 7
wherew is the rotor speed, = (i4, iy)%, ¥ = (ta, ¥,)T de-
note stator current and rotor flux vectots= (ug, uq)T is the I1l. THEORETICAL COMPARISON OF THEINDIRECT
control voltage vector. Subscripisandq stand for vector com- FIELD-ORIENTED CONTROLLERS

onentsinthe reference fram is the load torquesg is . . . . .
b ) &L 440 First, in this section, the S-IFO control algorithm for IM

the angular position of thel{4) reference frame with respect tod i 31is reint ted in t f i trol th

the fixed stator reference frame-), where the physical vari- . rives [3] is reinterpreted in terms o noninear controt theory,

ables are defined. The transformed variables are given by in order to show the structural and stability properties of the
equivalent error dynamics generated by this kind of controller.

— a—Jde .
Xdqg = €7 "Xap where e—J50 — { coS€o S 50] ~ Second, the above and the I-IFO [16] controllers are compared
Xgp = €950 Xdg —sineg coseg] in terms of their theoretical dynamic performance and robust-
0 —1 ness properties.
J= [1 0} ©) The general structure of an indirect field-oriented controller
wherex, . stands for two-dimensional voltage, flux and current®" be presented as
| | wme () bona] ®
Positive constants related to the electrical and mechanical pa- Uq _
rameters of the IM a;e defined as o =wo = w+ al, L_q* _ i* )
=L 1 Lm 3 — Ly, _ 3 Ly, 1/1 1/}
o=bo\l= ) B=on P Substituting (8) and (9) into (1) the following field oriented de-

composition results

R,
Oé:L—, Y= <_+O‘L’mﬂ> . . 7. 1
r g w=pu (q/mq - 1/1,11,1) -7 T

whereJ is the rotor inertiaR,, R,, L, L, are stator/rotor re-

sistances and inductances respectivbly, is the magnetizing tq ==7ig + afpg = Bwiha + vg, (10)
inductance. One pole pair is assumed without loss of generality. g = —athg + wathy + Almig

B. IM Control Objectives Under Condition of Indirect Field 1/3(1 = —0“/7(1 — wytha + v

Orientation id = —id + afha + Bwipy + va (11)

The concept of field orientation (FO) was developed byherew, = wy — w is the slip angular frequency.
Blaschke [1] as a torque—flux decoupling technique applied According to (10) and (11), the field oriented transformation
to IM control (see [2]). Let briefly recall important propertieg9) and control algorithm (8), with compensation of the cross-
related to the indirect formulation of this concept. coupling terms, decompose the original IM model into feedback
General specifications for speed-controlled electric drives iBonnection of the two: electromechanical and electromagnetic
dicate that two IM outputs, speed and rotor flux modulus, deubsystems, whose dynamics are given by (10) and (11), respec-
fined as tively. The flux modulus is the output of the electromagnetic

w subsystem (11), while the rotor speed is the output of the electro-

yi = l 5| 2 { w ] (4) mechanical subsystem (10). The two control inpujs ¢,) can
Y ba + g ¥ be selected to achieve the desired control objectives.

must be controlled using the two dimensional stalqt  gtandard Indirect Field-Oriented (S-IFO) Controller

voltage vectoru on the basis of measured variables vector . . ]

y = (w,ia,i,)T. The load torquel}, is considered as an Follown_]g the design procedure for pascaded syste;;mmd

unknown constant (linearly parameterized) disturbance. In the@'€ defined as references for current@ndi,, respectively

case of indirect field-oriented control, the dynamics of th@nd the current regulation errors are given by
(d—q) reference frame (2) is specified in such a way that the lqg = iq — 13, ig =1qg—1

12)

*
q*
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Additionally, the following estimation errors are defined: ’fL =k®
— for load torque (constant by assumption) S=—koo—Tp + /u/)*%q ny (deiq _ quz.d)
. ) T, =—kii
Ty = I Tr (13) ~'.q ! M
J ig = —(kig + 7 — ku)iqg + 24
~ * 2 ~.
whereT7, is the integral part of the speed controller as it - {ﬂ"/’ + L (kw = vho = kwi)] w
will be specified later; 1 . k ~
— for current loops perturbation + e (v — ku,)Tr + <l/}—“; ig — /3w> 2y
k -
. Ry o” +<a/3——“’z'>¢. 20
xd:xd—?m7 o d q (20)
Tqg=mxq— ( 7* T + ﬂw*qp*) (14) Accordingto (19) and (20) the S-IFO controller given by (8) and
wp (9) with v = 0, and (15)—(18), decompose the IM model (1)

_ into two interconnected systems: electromagnetic and electro-
wherez, andz, are the integral part of the current conmechanical, whose error dynamics are given by (19) and (20)

trollers as it will be defined later. respectively. Asymptotic stability of the electromagnetic system
perturbation defined in (14) are constant. the Barbalat's Lemma (see Appendix B and [10] for similar sys-

The equation for S-IFO controller can be mapped in the geggms). Hence the following result holds:
eral controller structure (8) and (9). In particular in {9 im-
posed equal to zero and the expression of the voltage vector is
derived from the following equations:

— flux modulus control algorithm

fliglo ('J}d7 bg» Fa, 'Mid) =0. (21)

The error dynamics of the electromechanical (speed) subsystem
(20) includes nominal [i.e.(14, 14)* = 0] linear time-in-

Iy = —— (m/z + ) ; (15) variant dynamics (with)* = const.), which can always be de-
oL, . . .
signed to be asymptotically stable by the selection of current
— proportional-integral (P1) speed controller and speed controllers gains. In industrial vector controlled IM

drives parameter&,,, k.;) and(k;,, k;;) of speed and current
PI controllers are designed, using the standard strategy usually

. 1 R

g = W (_kww + TL) adopted in cascaded DC drives, in order to guarantee time-scale
. . . separation between speed and current dynamics [2]. Well known
Ty =-T1=—kuiw (16)  “symmetrical optimum” can be used for evaluation of the gains

of speed and current controllers.
wherek,,, k.; > 0 are the proportional and integral gains According to nonlinear control theory the two feedback in-
of the speed controller; terconnected dynamics—flux subsystem (19) and speed sub-
— PI current controllers system (20)—are at least locally asymptotically stable, since the
two interconnected systems have the following properties.

1) The nominal speed dynamics is linear and asymptotically

va = —kiaiq + Tq

A (17) stable.

b =~ liitd 2) The flux subsystem (19) is asymptotically stable for
Vg = —kiglq + 24 bounded speed trajectories.

iy = —kiig (18) 3) The interconnection between the two subsystems is bi-

linear in the electromagnetic part and linear-bilinear in
the electromechanical one.
wherekiq, kiq, kii > 0 are the current controllers propor-p. ., o gition (21) and local asymptotic stability of the overall
t'lon.al and mtegra'l gains. ) ) system error dynamics it follows that the standard flux—speed
Substituting (15)—(18) into (10) and (11), with= 0, the final  \ator control algorithm ensures asymptotic flux modulus regu-
flux-speed error dynamics can be presented as (see Appendixfyn together with asymptotic field orientation and asymptotic

for detailed computation): speed regulation under condition of constant load torque.
) If the tuning parameters of the current and speed controllers
e = —athg + Wﬁq + aLmiq are selected according to standard procedure for multi-loop cas-
% ~ ~ caded systems, the overall error dynamics exhibits multi-time
g =—ag — watha scale properties, i.e.:
ZTd = —kiita 1) the current error dynamics [last two equations in (19) and

ia=—(kia +7)ia + Zq + g + Pwid, (19) (20)] is the fastest one;
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2) the speed error dynamics [first two equations in (20)] ishere k,; > 0 is the integral gain of the modified current
at least few times slower; controller.
3) the flux error dynamics [first two equations in (19)] is The speed error dynamics generated by the control algorithm
mainly defined by the rotor time constahte and itis (26) and (27) is given by
the slowest one. N
If the current controllers gains are increased, then the solution ofl

L = ki@
full order dynamics will move to the reduced order one (current & = —ko,@ — 17, + pun + p (1[)(12; - @/qu’ifz)

fed) given by (19) and (20) with; = i, = 0, which is globally T .
exponentially stable [16]. o Yan — mhgid
B. Improved Indirect Field-Oriented (I-1IFO) Controller C = kyin

In this subsection it is analyzed an improved indirect field- 7 = —kyn — ¢ — K T + aBy™y — B(w™ + @)™ ¢Pa
oriented (I-IFO) control algorithm for IM, which provides I a
speed-flux tracking capabilities and reduced sensitivity to rotor + = [M (J;dL; - 1/3,,1‘3) + L — uz/?qi'd} (28)
parameters variations, while preserving all the advantages of H ’
the standard solution. The detailed development of the I-IRgheren = 4*i,, ki > 0, &, = (kiy +7) > 0.
algorithm is presented in [16]. Let us consider first the modified According to equations (24) and (28), the field-oriented

control algorithm of the flux subsystem controller (22), (23), (26), and (27) defines two coupled
Fluz vector controller subsystems: a) the electromagnetic subsystéisupsystem
o =wo = w +al, la A Buwiy, AS0 with error state vectok; = (Y, by, iq)T]; b) the electro-
1P P mechanical subsysteny-pubsystem with error state vector
- 1 * 7% X1 = (TL w, C T])T].
= . 22 AN _— .
a al,, (O“/} +1/}) (22) In [16] it is shown that the equilibrium poink =

(xT', xI'T = 0 of the system is globally exponentially stable
~ 1 ] B and consequently control objectives (7) are satisfied. The
Ug =0 [—kidid + yig—woiq—afP* + I (M/)* + 1/)*)} nominal dynamics of the speed subsystem (38) & 0) is
m 23) linear and IM parameters independent. _ o
o ] ] The block diagram of the two controllers is reported in Fig. 1.
Substituting (22) and (23) into the second, third, and fouriy 4 qer to emphasize the common origin, a single block di-
equations of the IM model (1), the error dynamics of the fluxgram is reported. The light-shaded areas represent the added
subsystemeecomeNS i actions in the I-IFO controller, while the dark-shaded areas are
Ya =—athg + wahy + aLaig integral actions present in the S-IFO controller only.
o ~ ~ ~ Comparing the error dynamics generated by the S-IFO con-
djq = - w2j/}d B )‘ﬂwf‘l ) troller (19) and (20) with that of the I-IFO controller (24) and
iq =—(kia +7)ta + 0 (O‘W + w/Jq) : (24) (28), it can be concluded that they exhibit the following common

The equilibrium point(t, 9. ia)” = 0 of the solutions of Structural prop(_erties_. o
(24) is globally exponentially stable if the current controller pro- 1) The nominal [i.e.{+a, ¥,) = 0] speed subsystem dy-

Flux subsystem current controller

portional gain satisfies the following condition namics is linear [for (20) only whegt* = const.] with
a(AB+ L,)? the four parameters [proportional and integral gains of
kia +v > ——F—— (25) current -axis) and speed controllers] defining the closed
The modified control algorithm of the electromechanical sub- loop dynamic performance.
system is 2) Flux error subsystems (19) and (24) are asymptotically
Speed controller decoupled from speed dynamics and they are asymptoti-
. 1 o i cally stable [(19) only wheg* = const. and for bounded
tq = b (_kw‘” +Tr+w ) trajectories of the speed subsystem variables].
R ~ 3) The interconnection between the two subsystems has
Tr=—hoiw. (26) linear and bilinear properties.
Speed subsystem modified current controller Instead, the two error dynamics produced by the two controllers

are different since.

Ya =0 [_kmlq + g+ woia + By + gy 1) The nominal speed subsystem dynamics (28) with=

1 /.- 0, generated by the I-IFO controller, is linear for time
Ty (’l/} tq + C)} varying flux reference and it is independent of motor pa-
; *3 rameters.
¢ =i (1/} LQ) ] 2) The flux subsystem dynamics (24) is globally exponen-
o Lo 5 2 ] YT tially stable, while system (19) has only semi-global
fl = pap* [ huo(—how i ig) + Tp + & } h* "a asymptotic stability (requires selecting gaif; ac-

27) cording to the value af as reported in Appendix B).
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Substituting (30) in the first two equation of (24), the slow flux

Tl <*  dynamics is given by
e’ - ~
i i g = —a[l - ﬂLm(’y + k‘id)_l] Pa
E,T + [WQ + aﬁLm(”y + kid)_lw] /l/;q
IR PE— s o= [0+ M2y + ki) ] W
v el R |« - 7 :
: @ T t B — [we + aAB (v + kiq) 1w] e+ AaLy,ie. (31)
v controllers e . Equation (31) reflects the effect of negative feedback action de-
i\ U — livering a proportional gain ig-axis flux equation augmented
L] by a term equal ta5%(y + kiq) " 'w?.
o o ) (@q) | @b
L frame | frame
oyl IV. PERFORMANCE SPECIFICATION AND
iy Compensation terms EXPERIMENTAL RESULTS
e
o— A. Controllers Tuning

The error dynamics generated by the I-IFO controller (22),
(23), (26) and (27) is given by (24) and (28). The tuning pa-
rameters of the flux subsystem are the proportional gain of the
current controllerk;, and the correction gaii. The relation-
ship between the two gains is given by condition (25).

The tuning parameters of the speed subsystem are the propor-
tional gainsk,,, k, and the integral gaink,;, k,; of the speed
and modified current controllers. According to the structure of
the (28) the cascaded system structure allows for application of

L
P(I) cohtroller PI controller

Flux subsystem current controller b) Speed subsystem current controller standard tu ning relations
2
Added t for the I-IFO Terms present in the S-IFO only 1 k
e — =k and k = (7’ (6 = 0.707)
-

Fig. 1. Block diagram of IFO controllers: (a) speed and flux controllers angy
(b) current controllers.

k 2
b= (%) 0= (32)

g/herer ands are the time-constant and damping factor imposed

r the second order error dynamics [see (28)], &ndc, are

e proportional and integral gains in each loop. The time scale

eparation is practically achieved with > (2to4)r; where

3) The flux subsystem (19) is open loop, while (24) has ne
ative feedback through the terkBwiy (Whenw # 0).
This yields an improved robustness with respect to rot ¥
parameters variation, as it will enlighten in the foIIowini

consideration. . wen
Let ider the rotor ti tant perturbation for fl t|)ndexes %" and *;” stand for speed and current loops.
€t consider the rotor ime-constant perturbation Tor fuX SUb- g, control algorithms presented in Section Il were

systems (19) and (24), _glve_n by = ax + Aa. In both flux experimentally tested under the same controller's parameters
cont_rol algorithms (9) withy = Q’ (15), (A7), (.22)' and (23) the tuning for two induction motors with the rated torque equal to
nominal valueaj_v of the rotor time constant is used. 2.5 Nm and 6 Nm, respectively. The experimental tests for first
- Unde*r o_plerinon with constgnt flux referenae’ (= .ConSt" IM has been carried out at the Laboratory of Electromechanics,
tq = YLy, . 1g = 0) and taking into account the t'me'scal%\lational Technical University of Ukraine, and the second

separation bgtween flux anid current dynamics (imposed bydriv system has been tested at the Laboratory of Automation
standard tuning procedure for cascaded systems) the redu Robotics of the University of Bologna. The operating

order solution for subsystem (19), obtained by using the singu " .
perturbation theory [20], is characterizedihy= 0 thanks to the nditions for the tests of 2.5 Nm IM are described below.

integral actlon.m current controller. In particular, it is B. Operating Sequences

"/.’d = —atq +watly The operating sequences, reported in Fig. 2, are the following:
Vg = —athy — wathg + AaLpy,i,. (29) 1) the machine is excited during the initial time intervad-0
From (29) it follows that the robustness properties in the case  0-25 S using aflux reference trajectory startingat0) =
of S-IFO control are defined only by the value @fi.e., they 0.02 Wb and reaching the motor rated value of 0.9 Wb
depend only on the natural features of the IM rotor circuit. with the first and second derivatives equal to 3.5 Wb/s

According to condition (25), flux subsystem (24) of I-IFO and 350 Wh/% correspondingly;
controller also exploits time-scale separation with a slow mani- 2) the unloaded motor is required to track the speed refer-

fold for current error (obtained with; = 0) given by ence traje(_:tory, starting ai= 0.6 s from zero i_nitial va_lue
and reaching the rated speed of 50 rad/s with the first and

ia = (v + kia) ™' (Oﬂ/;d + w1/~)q) : (30) second derivatives equal to 700 rddésd 24 000 radfs
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Nm*0.1
rad/s

60

Speed reference and torque profile Wb Flux reference

50

40
30
20
10

Fig. 2. Speed, flux references, and load torque profile.

3) attimet = 1 s a constant load torque, equal to the 120%imultaneously and synchronously sampled at the symmetry
of the motor rated value, is applied; at time- 1.5 sload point of the PWM signals. The motor speed is measured by

torque is set to zero. means of a 1000 pulse/revolution incremental encoder. The
sampling time for both standard and I-IFO controllers is set
C. Controllers Parameters to 200 us. In order to get the discrete time version of control
The controller's parameters, selected according to (32) weHgorithms the simple Euler method is used. Dead-time($)5
set at compensation is performed to achieve a better accuracy for the
inverter output voltage.
ko =150, kyi = 11250, kig = ksy = 700, P 9
ki =k, = 122000, AB = 3.5. G. Experimental Results
A first set of experiments, reported in Figs. 3 and 4, was per-
D. Reference Trajectories formed to compare the dynamic performances of the two algo-

Tracking of the speed reference trajectory adopted require4tAms. The experimental results presented in Fig. 3 report the
dynamic torque that is equal to the rated value of the motor. FIg¥namic performance of the S-IFO controller during speed tra-
and speed reference trajectories are presented in Fig. 2 udffgory tracking. The transient performance is characterized by
solid lines; dashed line in the same figure represents the Igaéna@ximum speed error of about 2 rad/s during reference tra-

torque profile. jectory tracking and about 4 rad/s during constant load torque
rejection.
E. Experimental Set-Up The experimental results presented in Fig. 4 demonstrate the

. . . .. dynamic performance of the I-IFO controller adopting the same
The experimental tests were carried out using a rapid pr,&Y

. . .tuning as for the S-IFO controller. Significant improvement of
totyping station (RPS) developed at the Laboratory of Roboti oo .
and Automation, University of Bologna [21]. The RPS includes; e speed tracking is reported. The speed tracking performance

) maximum speed error of about 0.3 rad/s) is about one order
1) a Personal Computer acting as the Operator Interface Hfiter compared with that of the S-IFO controller. Besides, the

programming, debugging, program downloading, virtugliro controller presents a significant overshoot reduction in
oscilloscope function during the experiments; the, current. The transient behavior of the S-IFO and I-IFO
2) a custom floating-point digital signal processor (DSRjontrollers during load compensation is the same.
board (based on TMS320C32) directly connected 10 A second set of experiments was made to compare the dy-
the PC bus. The DSP board performs data acquisitigmic performance of the two controllers, when paraméeter
(eight 12-bit A/D channels plus two interfaces for in;; /j, *(inverse of rotor time constant) used in control algo-
cremental encoder), i_mplements control algorithm_s Withihm is different from actual one. Fig. 5(a) and (b) demon-
programmable real-ime tracing of selected variablegyrate the transients with the S-IFO control obtainedifet 10
generates the PWM signals (two symmetrical three-phagg (1.7,) anda = 2.9 1/s (0.5vy). During these tests load
PWM modulators with programmable dead time);  torque (120% of rated value) is applied at time= 1 s and
3) a 20-A/380 Vrys three-phase inverter, operated afemains constant during time interval of experiment. As it is
10 kHz switching frequency during experiments; shown in Fig. 5(a) the significant degradation of the transient
4) a2-pole, 50 Hz, 750 W induction servomotor, whose daffarformance occurs for parameterhigher then rated value.
are listed in the Appendix C; _ The steady state value f axis current is almost 60% larger
5) a current controlled dc motor used to provide the loaf{an, the nominal regime. On contrary, no relevant difference is
torque. observed forr = 2.9 1/s [Fig 5(b)] as compared with the rated
transient. Only slightly higher torque current is required to pro-
duce the same motor torque. As it is discussed in [41}, an
In order to filter out the modulation ripple, the two statoproduces a reduction of the rotor flux impairing transient per-
phase currents, measured by Hall-effect zero-field sensors, fimenances and increasing the torque current. Differently, when

F. Measurement System and Controllers Implementation
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Fig. 3. Dynamic behavior of the S-IFO controller withequal to the nominal one.

& < ay, the motor electromagnetic system enters into satuistrates strong robustness properties with respect of rotor time
tion region, causing some increasing of the stator current mambnstant variations. No significant difference can be noted in
ulus. In fact, owing to the magnetic saturation, the IM opetransients in nominal (Fig. 4) and perturbed (Fig. 6) conditions.
ates with almost constant flux modulus, but with wrong field A third set of experiments was made to compare the system
orientation. efficiency under steady-state condition of operation. The com-
The results of the same test for I-IFO controller are reportedfrarison was referred to steady state behavior of the two con-
Fig. 6. Comparison of the transients, reported in Figs. 4 andt&llers for two different induction motors, whose rated data
shows that improved indirect field-oriented controller demorare listed in Appendix C. The first induction machine (2.5 Nm
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Reference for id axis current

100

: 100

Fig. 4. Dynamic behavior of the I-IFO controller with equal to the nominal one.

rated torque), have been used for dynamic tests presented initttise control algorithm [10] is quite different from the one dis-
paper. The dynamical tests for second IM (6 Nm rated torqumyssed here, the results are similar due to uniqueness of solu-
whose rated data are given in Appendix C in bracket) have be@ns for IM inverse dynamics, when ideal tracking is achieved.
performed as well but they are not shown. In fact, the dynamiuring investigation of steady state performance, a fixed refer-
performance obtained during speed trajectory tracking with dgnce speed of 50 rad/s (100 rad/s for second motor) is imposed.
namic torque equal to 350% of rated motor torque is quite closBiferent values of load torque are applied to verify how the

to results previously obtained by authors for other much mog®rque current) varies when wrong values of the parameter
complex speed-flux tracking controller, reported in [10]. Eveare used in the two control algorithms. During the experiments
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Fig. 6. Dynamic behavior of I-IFO controller with equal to (a) 1.@ x and (b) 0.5v .

thei, (flux current) is set to rated value, in order to get the nonactive powerP, = (3/2)(ua.%. + upip) have been recorded. In
inal rotor flux. The steady-state regulation errgrand:, are Fig. 7 thei, current and active powdr, of the S-IFO controller
negligible for both algorithms. are shown using dashed lines, while the same variables of the
The experimental test with 2.5 Nm IM, whose results are rédFO controller are reported with continuous lines. The lower
ported in Fig. 7, are executed in the following way. Constamtitace in Fig. 7(b) corresponds to mechanical output power of the
load torque equal to 120% of rated value has been imposéd,
fixing the output mechanical power on the level of 150 W. Dif- The experimental results reported in Fig. 8 has been per-
ferent values of parametérare used in both control algorithms.formed for 6 Nm IM using the same test procedure but for
For each value af the steady statg current and outputinverter different values of the load torque. The controller parameters
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Fig. 7. Steady state characteristics of 2.5 Nm IM. (a) “Torque currept,” 5 10 15 ] 20 25
versusi used in the control algorithms. (b) Active powét, , versusi used Parameter & !

in the control algorithms. Standard IFO controller: dashed lines; Improved IFu

controller: continuous lines. . - . .
Fig. 8. Steady state characteristics of 6 Nm IM. “Torque curregt,Versusy

used in the control algorithms. Standard IFO controller: dashed lines; Improved

during this test were set &, = 375, k,; = 7 * 10%, k;q = FO controller: continuous lines.
kiy = 1500, k;; = k,; = 5= 10°, A = 0.2. Positive values of
Ty, indicate a load torque opposite with respect to the rotation, V. CONCLUSION

while negative values represent loads in the same direction of
the rotation. When the load torque is null, the motor torque is In this paper, animproved indirect field-oriented (I-IFO) con-
not null since viscous and static frictions are present. trol algorithm with speed—flux tracking capability is compared

The experimenta| results reported in F|gS 7 and 8 show th’ﬂih the standard (S'”:O) solutions adoptEd in industrial drives.
the I-IFO controller is able to keep almost a constant torque ciiiS theoretically and experimentally shown that the I-IFO so-
rent even with largé-parameter error. Thig, current imposed lution can be viewed as an actual improvement of standard con-
by the S-IFO controller considerably increases when a wrongol schemes. It allows achieving higher dynamic performance
is used. This means that, as compared to the S-IFO controlftd improved robustness with respect to rotor parameter vari-
the I-IFO controller guarantees more robust stabilization of tiions, leading to improved energy efficiency. In addition, the
rotor flux vector (both angular position and amplitude) unddrlFO controller ensures asymptotic decoupling of the speed
rotor time constant variations. As a result, in most of the opend flux subsystems as well as asymptotic linearization of the
ating condition, a reducei current is required to compensatesPeed subsystem. Improvement of performance and robustness
for a given load torque, thus considerably increasing the systéhchieved with a simple, theoretically proven, modification of
overall energy efficiency. As it is reported in Fig. 7(b) the effithe standard controller structure. Simple implementation, con-
ciency of the electromechanical energy conversion process Heller's parameter selection and practical tuning (conceptually
grades almost twice for S-IFO wheén= 1.7« , while I-IFO the same adopted in standard cascaded industrial drives) make
guarantees stabilization of the efficiency approximately on tf@e I-IFO controller suitable for practical implementation.
rated level.

As reported in [22], during small loading conditions a re-
duction of flux level is required in order to keep maximum
torque per Ampere ratio [22]. From Fig. 8, it can be noted that Using the definitions (12) and (13) with conditions =
a similar effect occurs by chance for S-IFO controller (tunegnst., w* = const., v = 0, equations and can be written as
with parametera grater than the actual motor value) due to . ) . . - - -
wrong field orientation. For the I-IFO controller an energy effi- W =pprig+ g =T, = Tp + p ('l/fdlq - ’l/Jq'Ld)
cient flux control strategy can be consciously applied while pre- = ~ . ~ ~ .
serving the field orienteﬂi)i)n. Moreover, sinceythsrf)lux subsys?em fa =T = g F aﬂ% ~ Punpa = Pl
is asymptotically decoupled from the speed control, operation — Pw T +vg — iy (A1)
with time-varying flux level does not generate speed transients. = - ~ ~ . . ix

Experimental testing is well in agreement with the simu- 1/.”1 =~ +watpg + aLlmia + aLmig — ay)” — ¢
lation results reported in [16]. Experiments confirm that the ), = —a1), — w2ty
proposed I-IFO controller provides significant improvement of N R, 1
the dynamic performance during speed—flux tracking as wellas  %d = —7ia — (7 + aLmﬂ) T P
improved energy efficiency as compared to standard solutions . o .
adopted in industrial drives. +af (1/1* + 1/1(1) + Bwipg + va — ig. (A2)

APPENDIX A
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Substituting control algorithm (15)—(18) in (A1) and (A2) withThis implies
~ - 5 7 ~ t—00
ity = 11/ [k [~hots = T + [P0 Dy ia]" ——— 0. (86)
ad 3 3 . From this result, applying again the Barbalat's Lemmayta,
+p (dfd’iq - ¢qid):| + TL} (A3) (adding the technical hypothesis dfbounded), the following
4sesult holds:

computed using (16) and tacking into account definition (1
the resulting error dynamics is given by (19) and (20). t—oo

Tg —— 0. (B7)
APPENDIX B
Let consider the following Lyapunov function for subsystem APPENDIX C
(19) Nominal parameters of the Induction Motors adopted for the

v=1 (l/:?z + 92+ il + 725/,3) 1,79 >0 (Bl) experimental test
. L . . Induction motor data:
whose time derivative along the solutions of (19) is equal to

J . Rated power 750 (900) W
. ~ ~ WYa ~ ~ W
V== (Wd ia] Q1 [ } + (g id] Qo [Q} Rated torque 2.5 (6,0) Nm
1d 1d
b Number of poles 2 (4)
- . q
+[¢q ] Qs [5(1 D (B2) Excitation current 1(2.05) A
where Rated current 24(34)A
r N _(aLy +maB) Stator resistance R, =11 (6.6) Q
Q; = 2 , Rotor resistance R, =56(53)Q
(L +1103) o _
- Y1 (kia1 + ) Magnetization inductance L, = 0.91 (0.45) H
oo _nw'p Stator inductance Ls = 0.95 (0.475) H
Q= 2 > 2 Rotor inductance L. =0.95(0.47)H
w
_—71 7 Y1kiaz Total inertia J = 0.005 (0.01) kgn?.
and
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