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Discrete-Time Modeling and Control Based on
Field Orientation for Induction Motors

Jorge Rivera Dominguez

Abstract—In this article, discrete-time direct and indirect field-
oriented controllers (FOCs) for induction motors (IMs) are de-
signed. Based on a discrete-time stationary reference frame model
for IMs, which was obtained by means of a variational integrator,
the stationary model is oriented to the field. Then, discrete-time
FOCs, in the direct and indirect versions, are designed for tracking
of reference signals for the rotor velocity and the rotor flux modulus.
A simulation study was carried out, and for comparison purposes,
discretized continuous-time FOCs were also simulated for three
sampling periods. It was put in evidence that the proposed discrete-
time controllers performed better than the discretized counterparts
when the sampling period was increased. Real-time experiments
were carried out for discrete-time direct and indirect FOCs, where
their performances were similar to those predicted by simulations.

Index Terms—Digital control, discrete-time systems, induction
motors (IMs).

NOMENCLATURE

IM variables

Rotor velocity wy, [rad/s].

Electromagnetic torque Te,k IN-m].

Load torque 71,5 [N-m].

Rotor flux vector Dy gk = (bak, bgr)T
[Wb].

Rotor flux modulus ®a,r [WD].

Stator current vector Iigr = (lak, iqyk)T
[A].

Input voltage vector Udg s = (Wa g, ug i)
[V].

Slip angular velocity
Synchronous velocity

User-defined variables for IMs

ws, ) [rad/s].
we, K [rad/s].

iy 1/(7r,a cos(Tsws 1)).

13,k TsLpno,i/7 [HI

e1(2,y, 2) cos(Tsx)y + sin(Tsx)z.

pa(,y, 2) —sin(Tsx)y + cos
(Tsx)z.
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Y.k
wq,k

IM parameters

Stator resistance
Rotor resistance
Stator inductance
Rotor inductance
Mutual inductance

Inertia moment
Number of pole pairs
Sampling period

User-defined constants for IMs

Torque constant (k1)
Rotor time constant (7;.)
a

B
~

Tr,d
0d

Ba
Vd
m
7]2
73

ay
a2

as
Q4
as

DTFOC

Rotor velocity reference signal
Rotor flux modulus reference signal
d current reference signal

T Lo
Ok + =g g

Tr

T.L,, :
Pq,k + g ke

R, =1.115[9Q].

R, = 1.083[2].

L, =209.7 x 1073 [H].
L, = 209.7 x 1073 [H].
L,, =203.7 x 1073
[H].

J = 0.02 [kg-m?].
p=2

T, ={0.1,0.6,3} x
1073 [s].

3me/(2LT) = 2.7398.
L,/R, = 0.0408 [s].
Ls - L%n/Lr =
5.5695x ~2 [H].
Ly /(oL,) =16.398
[1/H].
(Rs+ L2 R, /L?) /o =
402.62 Q/H].
1+ T/
o+ TSLgn/(LTTTTT%d)
[H].
Lo /(L) [VH],
1- RsTs/Ud-
Tr,d/kT-
1/7—r,d-
TsLan/Tr [H]

0 —1
(1 o)
(va — k11 +m2).
(k1umz/ns — 3 /05 +
k12T5/ns3).
TSkT(bd,T}k}/(JT’I‘,d)'
(Ya + 1 — k31).
(1/&3 — kgl/ag —
ngTs/ag).

w1 [rad/s].
@d.r.i [Wb].
Lk [Al
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q current reference signal
Pseudo-control input vector

DTDFOC
Rotor flux mod. tracking error

d current tracking error
Unknown constant term

Integral of xq,x
Integral of e;q 1
Rotor velocity tracking error

q current tracking error
Unknown constant term

Integral of x4 %

Integral of €4 1

Estimated rotor flux vector
Estimated rotor flux angle

Proportional gains
Integral gains

DTIFOC

Rotor flux mod. tracking error

d current tracking error
Integral of €4 1

Unknown constant term
Rotor velocity tracking error

q current tracking error
Integral of e, j

Integral of g 1,
Unknown constant term

Required slip angular velocity
Rotor flux angle

Proportional gains

Integral gains

Acronyms
DTFOC

DTM

Z.q,r,k [A]
Vg = Wa ks vgr)”
[A].

Xdk = Pdk — Pd,rk
[Whb].

€idk = tdk — d,rk [Al
Sap="2lep, o+

13

k1
e d,r k1

gdvk = Z']:L:l TSXd,nfl
[s-Wb].

k
9d.k = Zn:l Tseid,n—l
[s-Al.
Xq,k = Wk — Wrk
[rad/s].

€Ciq.k = quc - Z'q,r,lc [A]
o
k31—a3)TsTr &
3 Jdag L.k +

(k32Ts —k31)wr i

as :
— k
Jak = Dop=1 LsXqn-1
[rad].

k

9q.k = Zn:l Tseiq,nfl
[AS-A]. . .
(I)r,k: = (qboz,r,kv ¢B,r,k>T
[Wh21.
0¢,k [rad].
k11, ko1, k31, ka1
k12’ k227 k329 k42-

€pk = Pk — Pd,rk
[Whb].
€d,k = td,k — td,rk [Al
k
Cak = Dope1 Ts€dn—1
[s-A].
Pk = (va—1)(1 —
1n2)®d,r /M3
€k = Wk — Wrk
[rad/s].
€q.k = lgk — I,k [Al
k
9k = Zn:l Tsew,nfl
[rad].
k
Cake D me1 Ts€qn—1
[s-A].
Pq.k = ’ydiq,r,k -
iquJrl-
ws, 1 [rad/s].
9¢>,k [rad].
K11, K21, K31-
K12, K22, K32.

Discrete-time field-
oriented control.
Discrete-time model.
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DTDFOC Discrete-time direct
field-oriented control.

DTIFOC Discrete-time  indirect
field-oriented control.

DSP Digital signal processor.

FOC Field-oriented control.

FPGA Field-programmable
gate array.

M Induction motor.

RHONN Recurrent high-order
neural network.

SEM Symplectic Euler
method.

SDFOC Sampled direct field-
oriented control.

SIFOC Sampled indirect field-

oriented control.

I. INTRODUCTION

IVE decades ago, the pioneering work of Blaschke [1] in-
F troduced anovel control technique for the IM [2], [3] known
as FOC. This technique relies on a nonlinear transformation
and feedback that make the decoupling between the outputs and
the control inputs feasible. In fact, the IM mathematical model
resembles to that of a dc motor with separated excitation [4].
Since then, the research community has been inspired by the
FOC technique, where important improvements have been made
by combining FOC with modern control approaches as just
reported in the literature, for example, with backstepping [5],
input—output linearization [6], [7], sliding modes [8], [9], pas-
sivity [10], fuzzy logic [11], [12], and direct torque control [13],
among others. It is worth mentioning that these works are
designed in a continuous-time setting and implemented with
digital devices.

There are two options for designing a control algorithm with
its corresponding implementation in digital devices. The first
option consists of designing the controller in a continuous-time
setting and then discretizing it by means of the explicit Euler
method. This option works fine for high sampling rates or for
systems with slow dynamics [14]. In the case of a custom hard-
ware design of the algorithm as for very large scale integration or
FPGA devices [15], this option will demand digital devices with
high clock frequencies yielding in a relatively large power con-
sumption, increasing the cost of the digital implementation [16].
The second option deals with the sampling of the dynamics of the
continuous-time system and with the design of a discrete-time
controller that can be directly implemented in any digital device.
The advantage of this option is that the sampling period can
significantly be increased if the accuracy of the sampled model
is high. The accuracy due to sampling is guaranteed to be exact
for linear systems, but for nonlinear systems, it is a difficult
task [17].

With respect to DTFOC, researchers have made some ad-
vances as reported in [18], where an exact DTM of a current-fed
(reduced-order model) IM was presented and used for designing
a DTFOC controller. Based on a DTM obtained by means of the
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explicit Euler method, DTFOCs were designed in [19] and [20],
where high sampling rates are required. Moreover, in [20], Gao’s
discrete-time reaching law was used, which employs a sign
function causing chattering problems. In [21], the reference
stator currents were designed in continuous time, whereas the
stator current dynamics were approximated in discrete time for
an FOC law design. A sensorless DTFOC was designed in [22],
where the explicit Euler method was used under the assumption
of constant rotor velocity, along with the employment of a
sign function in the control design. In [23], a discrete-time
neural inverse optimal control based on an RHONN is pre-
sented. Although the RHONN is an identifier for obtaining
an accurate IM model, the general proposal relies on rotor
flux estimations that are based on a model approximated by
means of the explicit Euler method. In [24], a novel discrete-
time field-oriented model was derived from a stationary model
obtained with a variational integrator, for instance, the SEM
[25] (The SEM yields DTMs that better represent the sam-
pled dynamics of continuous-time systems at lower sampling
rates). Then, a discrete-time controller was proposed. Despite
the novelties presented in this article, the discrete-time field-
oriented model does not resemble the dc motor with separated
excitation; hence, the decoupling between the rotor velocity
and the rotor flux modulus control designs was not properly
achieved.

The aims of this article are the following: 1) to obtain a novel
DTM oriented to the field for IMs with decoupled rotor velocity
and rotor flux modulus dynamics; 2) to establish the basics of
FOC design in discrete time for direct and indirect versions;
and 3) the comparison of their performances with respect to
discretized versions of FOCs, to establish which ensures better
results with different sampling periods. In order to achieve
decoupling of the rotor velocity and the rotor flux modulus,
the DTM presented in [24] is further enhanced. Then, based
on the decoupled DTM, procedures for designing discrete-time
controllers oriented to the field in direct and indirect versions
are provided.

The novel contributions of this article are as follows.

A novel DTM oriented to the field for IMs is presented. The
advantages of this model are as follows.

1) It comes from a DTM in the stationary reference

frame [25] that better approximates the sampled dynamics
with relatively low sampling rates for IMs by using a
variational integrator.

2) The proposed model is consistent with the continuous-
time counterpart, i.e., it is linear, and the rotor velocity and
rotor flux dynamics are decoupled, which will allow us to
design controllers more straightforwardly in a discrete-
time setting.

3) Designed controllers based on the proposed model will
take full advantage of digital signals (sampled currents
and digital rotor velocity from an encoder), as the signals
provided by the proposed model match with the digital
signals.

4) Designed controllers can be directly implemented in any
digital device without approximations.
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Novel discrete-time controllers oriented to the field in direct
and indirect versions for IMs are designed. The advantages of
these controllers are as follows.

1) In the case of classical proportional-integral (PI) con-
trollers, the stability analysis of the closed-loop linear
system is carried out with the easiness of the eigenvalues
placement.

2) The proposal of reference signals for stator currents and
stator voltages is more straightforward.

3) The proposed controllers can perform better at lower
sampling rates than the approximated continuous-time
counterparts. This fact is very attractive, since high-end
digital devices are not required, resulting in a low-cost
implementation.

4) Researchers can enhance the proposed controllers by re-
placing PI control loops with robust or modern controllers,
as done in existing works in the continuous-time domain,
and, in this way, by taking advantage of the previously
mentioned advantages.

The rest of this article is organized as follows. In Section II,
decoupling of the DTM of the IM oriented to the field is pre-
sented. In Section 111, discrete-time direct and indirect FOCs are
designed. Simulation and experimental results are presented in
Sections IV and V, respectively. Finally, Section VI concludes
this article.

II. DISCRETE-TIME FIELD-ORIENTED MODEL

Based on [24], the discrete-time IM model in a generic rotat-
ing (d, q) reference frame is presented in scalar form as follows:

w =wWp+ —Tek — §’T
k1 B Tek = T TLE
1 sLim . .
Od k1 = — 01 (Ws ks Pd ke, Og.k) + ©1(Ws ks Td, k> Ig k)
Trd TrTrd

sLm

1 . .
g k1 = —P2(Ws ks Pd k> Pg,k) + ©2(Ws ks i ks g k)

Trd TrTrd

) S Ba
td k41 = YaP1(We ks Td ks Tgk) + de%(w(;s,k, Gd ke, Pg k)
:

Ba T
— 01 (Ws kr Yk, Vg k) + —01(Wes k> Ud k5 Ug k)
Trd 0d

) o Ba
Qg k1 = YdP2(We k» i ks Tg,k) + ?‘PQ(W@I@» bd, ks P,k

rd

Ba T,
2 ¥ (W ks Y k> Vg k) + ;;902(0%,1%, Ud, s Ug, k)

rd
(D
with
kr )
Tek = —Od kiq,k (2)
T,
W,k = We,k — PWh- 3)

Field orientation of model (1) is achieved when ¢, , = 0Vk,
i.e., the d-axis of the rotating reference frame is aligned with the
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rotor flux vector. Now, by using this condition, we obtain the
following relation from the difference equation of ¢, 51 in (1):

T, 8in Tsws,k sin Tsws,k: .

Pdk + Td, k- 4)

iq,k

LT cos Tswg i, cos Tsws

Now, relations ¢, ;, = 0 and (4) are substituted into the electri-
cal variables of (1), yielding the following discrete-time field-
oriented model:

T, T,
WEg+1 = Wk + 7Te,k — 7TL,k

. T .
igk+1 = fok + ;2 (—sin(Tswe,k)ud,k + cos(Tswe k) uq,k)

1 1
Trd €08(Tsws ;)

TsLy, 1
TrTrd cos(Tsws

dak +

Od k1 = )id,k
) T .
ta k1 = far + o (cos(Tswe. i )ta,k + Sin(Tswe. i) Uq,k)
Q)
where
cos(Tspwy) . BdTs Ly, 1
727 cos(Tsws i

far =va i d,k
cos(Tsws ;) )

YdTr sin(TSw,ﬁvk) SiIl(TSws’k)
TsLpm,

cos(Tsws ) Pak

B, Ba 1

P os(T, T2 cos(Tow-n)
+ p COS( W¢)k)¢d7k ng COS(TSL’JS,’C)
QBdeLm
27

T, d Ty

bd.k

Jak = —vasin(Topwy)iqgr — sin(Tsws k)id,k

iy cos(Tswe k) sin(Tsws k)
TsLm

+ Gd,k

cos(Tsws k)

— & sin(T5w¢7k)¢d7k. (6)
Trd
The current dynamics in (5) are linearized with the following
feedback that cancels out the old dynamics (6) and introduces
the new dynamics with pole location at 4 and the virtual controls
Ud, k and Vg k-

04 )
Udk = 7 cos(Tswe. i) (Yatdk — fax + Vak)
S

o4 . .
T Sln(TsW¢,k) ('lequ = fok+ Uq,k)

S

gq . .
Ugk = 7 sin(Tswg, k) (Yatak — fak + Vak)

g, .
+ fd cos(Tswg k) (Yaiqk — for +vgk).  (7)

Feedback (7) yields a decoupled discrete-time field-oriented
model as

T T,
Wkl =Wk + FTek — T TLE
DR } (8)
1q,k4+1 = Ydlg,k + Vgk
| bak+1 = N2,k K + 13Kk ©)
1d k+1 = Ydld,k + Vd,k
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It is worth mentioning that the proposed model (8), (9) is
composed of two subsystems: the rotor velocity subsystem
Y, and the rotor flux subsystem ¥,. Subsystem Y is linear
and uncoupled. Once ¢g,j has reached a constant steady state,
subsystem Y, is assumed to be linear and uncoupled too, where
linear control methods can be directly applied. In contrast, the
model presented in [25] is coupled and nonlinear, and the model
presented in [24] is actually in a generic rotating (d, q) reference
frame, where the IM is still presented as a coupled and nonlinear
system.

III. DTFOC

Considering an IM fed by a voltage-controlled inverter, the
control problem is to design voltage signals that can regulate wy,
and ¢ j, for tracking of some desired reference signals w,. j, and
®d.rk> ensuring at the same time the rejection of an unknown
constant load torque.

Under a field orientation context, when measurements of the
rotor flux vector are available, direct field orientation can be
achieved. Direct field orientation can also be achieved at least
with the estimation of such a vector. If no measurements or
estimations of the rotor flux vector are available, then the angle
of the rotor flux vector is calculated with an integral operation,
yielding indirect field orientation.

A. DTDFOC Design

In order to solve the posed control problem, virtual controls
are proposed as current (inner) control loops that cancel out
the old current error dynamics and introduce the new one as PI
actions

k
Vg = ko1 (lak — lark) + ka2 Z Ts(ign—1 — idrn—1)
n=1
o ok
— a1iq,; + G204,k + -2 Z TsXdn-1 (10)
3 n=1
k
Vg, k = ka1 (iq,k - iq,nk) + ka2 Z TS(iq,nfl - iq,nnfl)
n=1
fos
. 32
— Q4lq.k + aswg + 73 Z TsXq,n—l» (11)

n=1
Reference signals for stator currents are proposed as rotor flux

and rotor velocity (outer) control loops that cancel out old output
error dynamics and introduce the new one as PI actions:

k
. k k
ld,rk = j(de,k - d’d,r,k) + - Z Ts(@éd,nfl - Qsd,r,nfl)
3 U/ Wit
2 d,k (12)
13
k k
. 31 32
rk — T - Wr - Ts n—1 — Wrn—
gk ag(wk w7’“)+a3; (Wn—1 = Wrn-1)
1
- —Wk. (13)

asz
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Wrk
Wk Xq,k g r €; Vg ke Ug.k U,k
_,®_, PI q.r.k A iq,k PI q q, of a, N
BASED -+ CURRENT PECOUPLIN A/
) CONTRO - CONTRO - CONTROL /S
Pd ke Xajk| LLERS 1y, €idk LLERS 1y | Eq. (7 Udk uss [
' — Eas. (12,13) (" X i Egs. (10,11) |— a- () k) dg —| /=
. I
I
Pk O 1 "
I
NS !
‘2ch®“$ :
A |
N - I
T¢’n,T,k T¢ﬁ,r,k !
FLUX 1
OBSERVER !
R Eq . (14) :
eo,k :
iq,s,k: P 7Toz‘s,lc ('[a_,lc |
Id.sk d ()//'} ’I:ﬁ skl af abe L L.k ADC :
= q / Lek |
1
ENCODER
Fig. 1. Block diagram of the proposed discrete-time direct field-oriented controller.

See Appendix Al for the closed-loop stability analysis of
9)-(11D).

On the other hand, rotor flux measurement is commonly not
carried out due to the lack of space for arranging sensors inside
the motor, or the sensors are expensive; however, rotor flux
estimation is a common task. For that, the proposed rotor flux
observer in [26], in the stationary reference frame (v, (3), is here
used and presented as

1 - L
q>r,k+1 — 76]Tspwk (ir,k + Ts uL

eI Tspwi I .
Tr,d TrTr,d

(14)

The angle of the rotor flux in the stationary reference frame and
the rotor flux vector are determined as

9A¢,k = arctan(cﬁgmk/(ﬁamk) (15)

‘i)d,q,k = €7Jé¢7k(i)r,k (16)

with J being a skew-symmetric matrix. Finally, Fig. 1 shows a
block diagram of the proposed control scheme.

B. DTIFOC Design

Given ¢q,, 1, as adesired reference constant signal for the rotor
flux, the corresponding reference signal for iq 1, i.€., i, %, can
be determined from the first equation in (9) as

Tdrk = I;Tm(bd,r,h (17)
The stator voltage vq,i, is proposed as a PI action
k
Va g = K11 (Gdk — Tdr k) + K12 Z Ts(idn-1 — tdrmn-1)-
n=1 (18)

Control action (18) guarantees that the tracking error for iq
is equal to zero; this means that the desired current ¢4, j is
circulating in the IM and imposes the desired rotor flux ¢4 ;. .

On the other hand, given a reference signal w; ;, for the rotor
velocity, the reference signal for the electromagnetic torque is
proposed as a PI action

k
ko1 (W — Wy k) + Koz Z Ts(wp-1 — Wrpn-1)

n=1
(19)
Then, the desired ¢ component of the stator current, i.e., iq r
can be determined from the desired version of (2) as

J
T,

Te,r,k =

Tr,dTe,rk

iq,r,k = kT¢d,’r,k . (20)
The stator voltage v, is then proposed as a PI action
k
Vg .k = K31(Ggk — igr k) + K32 Z Ts(ign-1—igrn-1)-
n=1 o

See Appendix A2 for the closed-loop stability analysis of (9),
(18), and (21).

For determining the angle of the rotor flux vector, let us
consider the integration of the angular velocity of the rotor flux
vector in (3) as

k
Opk =Y Towpn 1. (22)
n=1
Taking one step ahead of (22), we obtain
Op k1 = Op 1 + Tswg o = g 1 + Tspwr, + Tswe e (23)

where the slip angular velocity in (23) is calculated from (4) as
a required signal for field orientation achievement

Lst ) T
< Zq» ,k : ) (24)
Tr¢d,r,k + LstZd,r,k

Wsrk = Tarctan
S
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Wrk Cuk o 0011\1)1 Terk T g,k SOEes o bl Yok o Uk
+ . (1€ TPd,rk + CURRENT DECOU-
Wi CONTRO - PLING
y 1—1m Tk Edk LLER Va, [CONTROL fug d Uk
¢d%’€ 3 bd,rk #-%» } Eq . (18721)_) Eq.(7) —{ %
T [ 1
1
1
i 1
- af o abc ok :
; J Lbk 1
Ld k dq 18.s.k aﬁ Tes ADC |
I
I
I
I
I
I
I
I
1
O
ENCODER
Fig. 2. Block diagram of the proposed discrete-time indirect field-oriented controller.
TABLE I

with ig . and 44, already defined in (17) and (20), respec-
tively. Finally, Fig. 2 shows a block diagram of the proposed
control scheme.

Remark 3.1: Although the proposed DTFOC-based PI con-
trollers represent the most basic designs, standard FOC princi-
ples have been properly extended to the discrete-time setting.
The PI actions can be replaced with novel discrete-time control
techniques, which will permit researchers to take full advantage
of the acquired digital signals provided by the analog-to-digital
converter and the encoder (both shown in Figs. 1 and 2).

C. Comparison With Similar Works

In [26], two controllers based on sliding-mode techniques are
presented: Type I is based on the equivalent control method for
the inner control loop and on a proportional controller for the
outer control loop. The equivalent control method cancels out all
linear and nonlinear terms behaving like a dead-beat-type con-
troller, where the demand of control resources is high, requiring
a saturation stage. The stability analysis during the linear section
of the saturation stage is trivial, but not during saturation, where
more specialized analysis is required. The type II controller is
based on the supertwisting algorithm (STA) for the inner control
loop and on a PI controller for the outer control loop. The
main disadvantage of the type I controller is that it requires
knowledge of parameters and perturbations. This disadvantage
is overcome with the type II controller as the STA does require
knowledge for only the upper bound of perturbations, but the
stability analysis of the closed-loop nonlinear system is carried
out with the proposal of a Lyapunov function.

On the other hand, in [24], the inner and outer control
loops are based on PI controllers. It is well known that integral
actions can only cancel out constant perturbations, and due to the
presentation of the model as a coupled and nonlinear system, the
general control design is based on the nonlinear block control
technique [27], where the system is linearized, and the stability
analysis is carried out with linear methods.

Finally, in our proposal, the inner and outer control loops are
also based on PI controllers, where the control design is easier

PARAMETER VALUES OF THE PROPOSED DTM FOR ALL THREE SAMPLING
PERIODS USED IN SIMULATIONS

Ts(us) 1/mpq oq(H) g Ba (1/H)  pq(1/kgm?)
100 0.9995 0.0119 0.9907 81.420 145.632
600 0.9969 0.0124 0.9462 78.088 145.258
3000 0.9847 0.0148  0.7747  65.425 143.485

to carry out, i.e., the proposal of reference signals for the stator
currents and the stator voltages is more straightforward than
those presented in [24] and [26], in a similar fashion to those in
the continuous-time setting, where the stability analysis of the
closed-loop linear system can be carried out with the easiness
of the eigenvalue placement.

IV. SIMULATIONS

The proposed control algorithms are numerically simulated.
For that, we have considered an IM with the following nameplate
data: three phases, 3 hp, 1750 r/min, 220 V, and 60 Hz. The
constant parameters that depend on the sampling period are
shown in Table L.

The performance of the proposed controllers that are based
on the novel discrete-time field-oriented model (9) is studied
in simulations for three different sampling periods (100, 600,
and 3000 ps). For comparison purposes, SDFOC and SIFOC
controllers (see Appendix B) by means of the explicit Euler
method are also simulated. The load torque is fixed at the
constant value of 5.5 N- m, but during the time interval 4.5-5.5 s,
the load torque is incremented up to 11 N- m. The load torque
is considered unknown for the controllers. All the PI gains were
initially designed as in Appendix Al and then fine-tuned for
better results. Proposed gains are shown in Table II.

The reference signal for the rotor flux modulus is 0.25 Wb, but
during the time interval 2.5-3.5 s, it is incremented up to 0.4 Wb.
The rotor velocity reference signal is initiated with a ramp, fol-
lowed of a series of steps, as illustrated in the following figures.
The introduced steps in the reference signals are for verifying the
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TABLE II
CONTROLLER GAINS

Ts DTDFOC SDFOC DTIFOC SIFOC

100pus  k11=0.9752 Pa1=248 rk11=—0.9 c1=250
k12=—1.5376 p42=15376 kK12=—0.0005 c2=5
k21=0.9875 Pq1=248 k21=—0.055 cq1=9800
koo=—0.3881 pg2=15376 K22=—0.00034 c42=350
k31=0.9752 P31=2050 k31=—1.6 cq1=9800
k32=—1.5378 pPg2=2000 K32=—0.0005 c42=350
k41=0.9875 Pq1=2050
ka2=—0.3881 pg2=2000

600us  k11=0.8554 Pa1=240 k11=—0.9 c1=450
k12=—8.7016 p42=14502 K12=—0.005 co=15
k21=0.9160 Pq1=240 Kko1=—0.3 cq1=500
k22=—2.9332 pg2=14502 K22=-0.05 cq2=1550
k31=0.8554 Pa1=1139 k31=—1.5 Cq1:678
k32=—8.7016 py2=1888 K32=—0.005 Cq2=3550
k41=0.9160 Pq1=1139
ka2=—2.9332 pg2=1888

3000us  k11=0.6580 Pa1=227 k11=—0.998 c1=280
k120=—19.487 pg>=12991 Kk12=—0.0005 c2=16
k21=0.7967 DPq1=227 Ko1=—1.41 cq1=274
ko2=—06.8820 pg2=12991 k22=—0.062 cqgo=10
k31=0.6580 pPa1=181 k31=—1.43 cq1=678
k32=—19.487 p42=7720 K32=—0.041 cq2=3550
k41=0.7967 Pq1=181
k42=—6.8820 pg2=T720

40
6 39 4 41

(©

Fig. 3. Simulated rotor velocity profiles with controllers implemented with
sampling times [rad/s versus s]: (a) Ts = 100 us, (b) Ts = 600 us, and
(c) Ts = 3000 ps. Reference signal (magenta-dashed), proposed DTDFOC
(black-solid), and SDFOC (gray-solid).

tracking performance of the controllers. The computation delay
and the zero-order-hold behavior of pulsewidth modulation are
considered by inserting two sampling period delays (see [29] for
details).

Simulation results for output tracking of the proposed DTD-
FOC and the SDFOC are shown in Figs. 3, and 4. The per-
formance of the rotor velocity for the DTDFOC is good; just
small oscillations are appreciated with a sampling period of
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Fig. 4. Simulated rotor flux modulus profiles with controllers implemented
with sampling times [Wb versus s]: (a) Ts = 100 us, (b) Ts = 600 us, and
(c) Ts = 3000 ps. Reference signal (magenta-dashed), proposed DTDFOC
(black—solid), and SDFOC (gray-solid).

T = 3000 pus. Similar arguments can be noted for the SFOC, but
for Ty = 3000 us, the closed-loop IM cannot be stabilized. With
respect to the rotor flux modulus, in the case of the DTDFOC,
with a sampling period of Ts = 100 us, the accuracy is good,
with Ty = 600 us, the tracking accuracy is good but with noise,
and with Ty = 3000 ps, the noise is incremented. In the case of
the SFOC, a good tracking accuracy is noted with T = 100 us;
with Ty = 600 us, some tracking mismatches are observed, but
with Ty = 3000 ps, tracking capabilities are lost. This can be
attributable to the fact that the discrete-time approximation of the
observer for rotor fluxes (46) deteriorates as the sampling period
increases. Using large sampling periods makes the accuracy
of the control equations to be lost (due to discretetized model
mismatches); hence, output tracking errors start to increase, and
the controllers start to produce large control actions. Control
actions will rapidly reach the maximum control resources and
will act as saturated controllers that can make the control actions
to rapidly excurse from the upper to the lower saturation value,
and vice versa, for all subsequent time. This issue makes the
IM outputs deviate from the reference signals. This problem
resembles to the chattering phenomenon (small oscillations at
the outputs) that occurs with sliding-mode controllers [30].

In the case of indirect controllers, simulations are shown
in Figs. 5 and 6. With respect to direct controllers, indirect
controllers yield smoother responses, which can be attributable
to the absence of the rotor flux observer dynamics, which tend to
deteriorate as the sampling period increases. It can be noted that
the proposed DTIFOC yields similar responses to that obtained
with the SIFOC; just small differences are observed in rotor
flux modulus tracking with a sampling period of 600 ps, where
the proposed DTIFOC is slightly more accurate than the SIFOC.
With a sampling period of 3000 ps, in the SIFOC, the rotor veloc-
ity is characterized by noise, and the rotor flux modulus tracking
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Fig. 5. Simulated rotor velocity profiles with controllers implemented with
sampling times[rad/s versus s]: (a) 75 = 100 us, (b) Ts5 = 600 us, and
(c) Ts = 3000 ps. Reference signal (magenta-dashed), proposed DTIFOC
(black-solid), and SIFOC (gray-solid).
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Fig. 6. Simulated rotor flux modulus profiles with controllers implemented
with sampling times [Wb versus s]: (a) Ts = 100 pus, (b) Ts = 600 us, and
(c) Ts = 3000 ps. Reference signal (magenta-dashed), proposed DTIFOC
(black-solid), and SIFOC (gray-solid).

performance is poor; this fact can be attributable to discrete-time
approximations of the integral actions of the PI control loops.
The SDFOC and the SIFOC are negatively affected with large
sampling periods due to the fact that the sampled dynamics of
the IM were not taken into account.

In general, for both direct and indirect controllers, it can be
observed that the load torque pulse introduced at time 4.5 s does
slightly affect the mechanical dynamics, but not the rotor flux
dynamics, due to the decoupling control (7). Fig. 7 shows the
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Fig. 7. Simulated load torque estimations [N-m versus s]. Direct FOCs:
(a) Ts =100 ps, (b) Ts = 600 ps, and (c) T's = 3000 ps. Indirect FOCs:
(d) T's = 100 ps, (e) T's = 600 ps, and (f) Ts = 3000 ps. Applied load torque
(magenta-dashed), proposed controller (black-solid), and sampled controller
(gray-solid).

TABLE III
PRECISION ERROR AND SETTLING TIME EVALUATION FOR TRACKING
OF THE ROTOR VELOCITY IN SIMULATIONS

100 ps 600 ps 3000 ps
Pe(%) ts(s) Pe(%) ts(s) Pe(%) ts(s)
DTDFOC 0.005 0.05 0.03 0.05 0.135 0.1
SDFOC 0.0 0.05 0.0 0.05 - -
DTIFOC 0.9 0.01 2.0 0.012 2.9 0.025
SIFOC 55 0.015 57 0012 10.8 0.12
TABLE IV

PRECISION ERROR AND SETTLING TIME EVALUATION FOR TRACKING
OF THE ROTOR FLUX MODULUS IN SIMULATIONS

100 ps 600 us 3000 ps
Pe(%) ts(s) Pe(%) ts(s) Pe(%) ts(s)
DTDFOC 0.0625 0.05 1.375 0.05 0.5875 0.13
SDFOC 1.9 0.05 7.1 0.01 — -
DTIFOC 0.875 0.5 4.45 0.5 29.5 —
SIFOC 1.675 0.5 6.0 0.5 51.175 -

simulation results for load torque estimations for the proposed
controllers and the corresponding sampled versions. Such es-
timations are provided by the integral actions in outer control
loops (see Appendix Al).

Simulation results are summarized in Tables III and IV, where
the precision error P, = 100|S, — Avss|/S, (the absolute dif-
ference between the average steady-state output signal Awvgg,
and its reference value S,., divided by the reference value), and
the settling time values are presented. It is worth mentioning
that P, is calculated in a constant section of a graph with the
worst tracking performance, and in the case of an output signal
to be symmetrically oscillating around the reference signal, the
precision error will be zero regardless of the amplitude of the
oscillations.
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Fig. 8. Real-time output profiles implemented with a sampling time of Ty =

100 ws. (a) Rotor velocity tracking [rad/s versus s]. (b) Rotor flux modulus
tracking [Wb versus s]. Reference signal (magenta-dashed), proposed DTDFOC
(black-solid), and SDFOC (gray-solid).

V. REAL-TIME EXPERIMENTS

The IM under test has the same parameter values of the
simulated motor in Section IV. The experimental setup consists
of a three-phase voltage source supplied to a three-phase variable
transformer (VARIAC). These voltages are fed into a power
module (Semikron IGBT Power Electronics Teaching System),
which incorporates a three-phase rectifier and an inverter. The
control algorithm is programmed in Simulink and implemented
with a DSP board (DSpace 1104). The board’s library is used
to decode the position from the encoder digital signals. The
velocity is then calculated by taking the position change rate and
by filtering it with a first-order Butterworth low-pass filter with
8-rad/s edge frequency, in order to attenuate the measurement
noise. The stator phase currents are measured by Hall-type
sensors (LEM HX 10-P). The IM is loaded with a flywheel that
supplies a load torque proportional to the time derivative of the
rotor velocity, which is considered unknown. Reference signals
for the rotor velocity and the rotor flux modulus are the same as
those used in simulations.

The obtained results for a sampling period of 100 us are
shown in Fig. 8, where the measured rotor velocity and the
estimated rotor flux modulus are presented. Both controllers, i.e.,
DTDFOC and SDFOC, perform tracking of the rotor velocity
reference signal with good accuracy. For tracking the rotor flux
modulus reference signal, the DTDFOC performs better than
the SDFOC in terms of accuracy that can be attributable to the
fact that DTDFOC takes into account the sampled dynamics of
IMs.

The profiles for stator currents in the (d, q) reference frame
are shown in Fig. 9. It can be appreciated that 74, profiles are
consistent with the rotor flux modulus, i.e., there are increments
at the time interval (2.5-3.5 s), just as shown by the rotor flux
modulus. As already mentioned, the load torque is proportional
to the time derivative of the rotor velocity; this means that the
load torque is constant in the time interval (O—1 s) and zero for
the rest of the time, except at the step increments or decrements,
where the load torque is characterized by peaks. Hence, i 1
profiles are consistent with the load torque.
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Fig. 9. Real-time stator currents components for a sampling time of 75 =

100 ps. (a) ig, 5 [A versus s]. (b) ig r [A versus s]. Proposed DTDFOC (black-
solid) and SDFOC (gray-solid).
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Fig. 10.  Real-time output profiles implemented with a sampling time of T's =

100 ws. (a) Rotor velocity tracking [rad/s versus s]. (b) Rotor flux modulus
tracking [Wb versus s]. Reference signal (magenta-dashed), proposed DTIFOC
(black-solid), and SIFOC (gray-solid).

Corresponding results for indirect controllers, DTIFOC and
SIFOC, with a sampling period of 100 s are shown in Figs. 10
and 11 for outputs and currents, respectively. Note good accuracy
provided by indirect controllers and a smoother response than
that of direct controllers that can be attributable to the absence of
arotor flux observer. But the proposed DTIFOC performs better
than the SIFOC.

Fig. 12 shows the corresponding outputs for direct controllers
with a sampling time of 75 = 600 us, where the measured rotor
velocity and the estimated rotor flux modulus are presented.
Good performance for tracking of the rotor velocity for both
controllers can still be observed. The rotor flux modulus in the
case of DTDFOC suffers from noise, and in the case of SDFOC,
it suffers from a loss in accuracy, as predicted by simulations.
Fig. 13 shows the current profiles. These are noisy signals, where
consistencies observed for the case of 75 = 100 ps are mildly
detected.

The corresponding results for indirect controllers are shown
in Figs. 14 and 15. It can be noted that both controllers, i.e.,
DTIFOC and SIFOC, still perform with good accuracy, and that
current profiles are still consistent as mentioned by previous
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Fig. 11. Real-time stator currents components for a sampling time of Ts =

100 ps. (a) ig,x [A versus s]. (b) ig & [A versus s]. Proposed DTIFOC (black-
solid) and SIFOC (gray-solid).
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Fig. 13. Real-time stator currents components for a sampling time of Ts =
600 ps. (a) ig x [A versus s]. (b) ig x [A versus s]. Proposed DTDFOC (black-
solid) and SDFOC (gray-solid).
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Fig. 12.  Real-time output profiles implemented with a sampling time of Ts =

600 us. (a) Rotor velocity tracking [rad/s versus s]. (b) Rotor flux modulus
tracking [Wb versus s]. Reference signal (magenta-dashed), proposed DTDFOC
(black-solid), and SDFOC (gray-solid).

discussions. Again, the proposed DTIFOC is more accurate that
the SIFOC.

Finally, real-time results with a sampling period of T =
3000 ps are only shown for the proposed direct controller in
Figs. 16 and 17. Results for the SDFOC are not shown, since the
closed-loop IM was not able to be stabilized with this controller.
Although both outputs are characterized by noise, it can be ob-
served that tracking of signals for the outputs was still possible.
With respect to stator currents, these no longer resemble profiles
as with those with a sampling period of T, = 100 us.

In the case of indirect controllers, real-time results are shown
in Figs. 18 and 19. The observed accuracy in output tracking
for the rotor velocity is still good, but not for the rotor flux
modulus. The corresponding current profiles are characterized
by noisy signals. Fig. 20 shows the real-time results for the load
torque estimation in different scenarios. Since the load torque
is proportional to the time derivative of the rotor velocity, an
initial step is noted due to the initial ramp in the rotor velocity.
In general, amore accuracy is provided by the proposed DTIFOC
than the SIFOC. Output tracking results are summarized in
Tables V and VI for the precision error and settling time values
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Fig. 14. Real-time output profiles implemented with a sampling time of s =

600 ps. (a) Rotor velocity tracking [rad/s versus s]. (b) Rotor flux modulus
tracking [Wb versus s]. Reference signal (magenta-dashed), proposed DTIFOC
(black-solid), and SIFOC (gray-solid).

TABLE V
PRECISION ERROR AND SETTLING TIME EVALUATION FOR TRACKING OF THE
ROTOR VELOCITY IN REAL TIME

100 ps 600 us 3000 us
Pe(%) ts(s) Pe(%) ts(s) Pe(%) ts(s)
DTDFOC 0.005 0.06 0.025 0.05 0.14 0.6
SDFOC 0.015 0.06 0.64 0.03 - -
DTIFOC 0.985 0.01 0.2 0.01 0.045 0.034
SIFOC 0.18 0.02 0.97 0.02 0.515 0.03

obtained in real time. These values resemble to those obtained
in simulations.

Remark 5.1: DSpace family boards are not popular in in-
dustries, but in the academic field, as can be noted from the
literature. Nevertheless, it is interesting to investigate a further
implementation in portable devices, such as an FPGA or an
application-specific integrated circuit, where both devices are
characterized by implementing algorithms in hardware. A DSP
implements the algorithm in software, which is difficult to
characterize due to different architectures presented by different
DSPs. Given the block diagrams of the mathematical operations
for performing the algorithms (the mathematical operations
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Fig. 15. Real-time stator currents components for a sampling time of 15 =

600 ps. (a) iq,x [A versus s]. (b) ig & [A versus s]. Proposed DTIFOC (black-
solid) and SIFOC (gray-solid).
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Fig. 16. Real-time output profiles implemented with a sampling time of

Ts = 3000 us. (a) Rotor velocity tracking [rad/s versus s]. (b) Rotor flux mod-
ulus tracking [Wb versus s]. Reference signal (magenta-dashed) and proposed
DTDFOC (black-solid).

TABLE VI
PRECISION ERROR AND SETTLING TIME EVALUATION FOR TRACKING
OF THE ROTOR FLUX MODULUS IN REAL TIME

100 ps 600 s 3000 ps
Pe(%) ts(s) Pe(%) ts(S) Pe(%) ts(S)
DTDFOC 0.1 0.055 0.6875 0.05 5.65 0.55
SDFOC 4.825  0.05 28.3 0.05 - -
DTIFOC 1.625 0.5 8.8 0.5 24.1 -
SIFOC 3.95 0.5 10.65 0.5 43.8 -

for decoding the encoder signals and performing the SVPWM
are not considered), the critical path [16] was determined for
both proposed controllers to have a computational time 7' =
2Tp + 9Ty + 9T'4 + 2T4ie + 214, withTp, Ty, and T'4 being
the execution times for the division, multiplication, and addition,
respectively; moreover, T, and T§; are the execution times
needed for a trigonometric function and sign inversion, respec-
tively. Based on [31], where the latency for each operation was
determined, the execution time in clock cycles for the critical
path was calculated to be 311 clock cycles, and that for an
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Fig. 17. Real-time stator currents components for a sampling time of

Ts = 3000 us with the proposed DTDFOC. (a) ig, [A versus s]. (b) ig &
[A versus s].
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Fig. 18.  Real-time output profiles implemented with a sampling time of Ty =

3000 ps. (a) Rotor velocity tracking [rad/s versus s]. (b) Rotor flux modulus
tracking [Wb versus s]. Reference signal (magenta-dashed), proposed DTIFOC
(black-solid), and SIFOC (gray-solid).

10

Fig. 19. Real-time stator currents components for a sampling time of Ts =
3000 ws. (a) iq,x [A versus s]. (b) ig x [A versus s]. Proposed DTIFOC (black-
solid) and SIFOC (gray-solid).

FPGA running with a 5-MHz clock corresponds to an execution
time of 62.2 ps. It is clear that in a DSP, the execution time
is considerably increased due to the sequential execution of
instructions. Finally, the importance of having algorithms that
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Fig. 20. Real-time load torque estimations [N- m versus s]. Direct FOCs:

(a) Ts =100 ps, (b) Ts = 600 ps, and (c) Ts = 3000 ws. Indirect FOCs:
(d) Ts = 100 ps, (e) Ts = 600 us, and (f) T's = 3000 ps. Proposed controller
(black-solid) and sampled controller (gray-solid).

can admit relatively large sampling periods that can match the
computing time delay is worth mentioning.

VI. CONCLUSION

Controlling an IM is a challenging task due to the fact that
it is a nonlinear system with time-variant parameters. Its main
competitor is the dc motor with separated excitation, which,
unlike the IM, is a linear system with ease of controlling it. But
the FOC technique has made possible to extend the easiness of
controlling dc motors to IMs; hence, FOC is a popular control
technique for the IM and has become a standard in industry.

The arrival of digital technology has facilitated the implemen-
tation of controllers in digital devices; nevertheless, to get the
most out of it, sampled dynamics of the system under study must
be considered.

Therefore, in this article, sampled dynamics for IMs when
oriented to the field was presented, and both discrete-time direct
and indirect field-oriented controllers were designed in a similar
fashion to the continuous-time counterpart. The easiness of
designing decoupled controllers with simple PI control loops
was put in evidence. With the help of numerical simulations, it
was demonstrated that the IM motor performed well with both
controllers even when the sampling period was increased. For
comparison purposes, discretized continuous-time FOC con-
trollers (direct and indirect) were also simulated, where the
performance of the closed-loop IM starts to deteriorate when the
sampling period increases. Real-time experiments were carried
out in order to sustain the simulation study. With the realized
experiments, a good output tracking performance was verified.
In addition, the consistent relationship between the profiles for
the stator currents, and rotor velocity and load torque, was put in
evidence. In particular, the proposed DTIFOC yields smoother
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responses with respect to the proposed DTDFOC that can be
attributable to the absence of a rotor flux observer.
As future work, new opportunities are recognized as follows:
1) extension of continuous-time controller techniques for
IMs (sensorless, field weakening, direct torque control,
etc.) to a discrete-time setting;
2) direct implementation of algorithms in digital devices;
3) possibility of using low-cost digital devices with relative
low clock frequencies.
And the following new challenges are identified:
1) designing of robust or adaptive controllers for dealing with
parameter variations and perturbations;
2) design of enhanced rotor or stator flux observers.

APPENDIX A
STABILITY ANALYSIS

1) DTDFOC Stability Analysis: Let us first consider the
subsystem Y in (9). The corresponding tracking error dynamics
fOI‘XdJC = ¢d,k — ¢d,r,k and €id,k = id,k — id,r,k are as follows:

Xdk+1 = N2Pdk + N3td,k — Pd,r k+1 (25)
o ok
. 12
Cid k41 = 1ldk — G2Pdk — — Z TsXdn—1
/G R—t
+ Va i + Od - (26)

Substituting iq j, = €ijq.k + tq,r k i0to (25), and using (12) at the
same time yields

Xd,k+1 = k11Xd,k + K120,k + M3€idk — Pd,rkt1

Jdk+1 = Gk + TsXd k- 27)
Direct substitution of (10) into (26) yields
Cid,k+1 = ko1€id i + k229d.k + Od.k
9d k+1 = Ja .k + Ts€id - (28)

Combining (27) and (28) results in the following expression:

Ea k1 = Aaar + Da (29)
where €4 = (Xd ks Gd ks €idker Ja k)
kll k12 3 O 7¢d,'r‘,k+l
y 1o 0| 0
¢ i (_) N (_) _kgl_kEQ- ’ wk 6d,k
00T, 1 0

with Dy j, being a vector of unknown constant terms. PI gains
will only be illustrated for (€; 4.k, ga.x)” subsystem. The char-
acteristic polynomial of such a subsystem in (29) is

Pa(z) = 2% — (kay + 1)z + (kay — koo Ty).

Then, a desired polynomial is proposed with desired poles p;
and po such that [p1| < 1 and |pa| <1

Py(z) = 2° — (p1 + p2)z + p1po.
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Equating the coefficients of P.(z) and Py(z) yields the follow-
ing explicit relations for the gains:

ko1 — p1p2

T '
In a similar fashion to the Ziegler—Nichols method, the obtained
gains are used as a starting point, where the fine tuning of the
gains can follow up an intuitive rule of thumb.

The partial steady-state solution (e; 4k, gax)? in (29) is
(€idssyGd,ss)T = (0, —8ax/ka2)T. It is clear that the steady-
state solution for the integral action gg ) is proportional to the
unknown constant perturbation term J, ;. Analyzing the dy-
namic equation for e; 4 1 in steady-state results in the following
expression:

kot =p1+p2—1, koo =

-0
0:0+/€22< d’k>+(5d’k
k22

due to the cancelation of the unknown constant perturbation
term by means of the integral action. Due to similarities among
subsystems, from herein after, detailed stability analysis will be
avoided for the rest of this appendix. After e; 4 = 0, subsystem
(27) reduces to

Xdk+1 = k1iXak + k120d.k — Pdr k+1

Jd,k+1 = Jd.k + TsXd,k- (30)

The steady-state solution of (30) is (0, =4 x+1/k12)7.
Now, let us consider the rotor velocity subsystem, where the
dynamics for x4 1 and e;q 1. are as follows:

Ts kT . Ts
a ¢d,r,k7fq,k - 7

= W +
Xq,k+1 k T Tra T

TLk — Wrk+1

k
. k32
€i,q.k+1 = Qalgk T AWk — — Z Tsxgn-1
as n=1
+ Vg k + g k- (31)

Using (11)in (31) along with (13), the closed-loop rotor velocity
subsystem can easily be determined as follows:

_ T

Xq.k+1 = k31Xq,k + k320q,k + Q3€iq,1 — Lk~ Wikl

gq,kJrl - gq,k + TsXq,k

Cigh+1 = kaleigr + Ka2gq.k + 0.k

9q,k+1 = Gq,k + Tseiq,k- (32)
The steady-state solution of (32) is (0,Ts7r k/(k32d),
0, =gk /kaz)T.

2) DTIFOC Stability Analysis: The dynamics for ey . and for
€4, = are as follows:

(33)
(34)

Substituting (17) and (18) into (33) and (34), respectively, yields
the following closed-loop rotor flux subsystem:

€p k1 = N2Pdk + N3tk — Pdyrk+1

Edk+1 = Vdld,k + Vdk — ld,rk+1-

€p.k+1 = N2€p k + N3EAK
€dk+1 = (Va + K11)€d.k + K12Ca % + Pdk

Cak+1 = Cak + Tsca k- (35)
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It is easy to determine that the steady-state solution for (35) is

(0,0, —pa,r/r12)".
With respect to the rotor velocity subsystem, the dynamics
for e, 1, and €4, are of the following form:

_ S S
€ k+1 = €wk T 776,k - 7TL,k
Eqk+1 = Vd€q,k T Vq,k + Vdlgrk — fqrkt1-  (36)

Substituting (21) into (36) and using (2), (19), and (20) yields
the following closed-loop dynamics:

T, kr
w1 = (14 K21)€wk + — ——ddrkEqk + K220k
J Tr,d
T,
- =7
7Lk

Ik+1 = gk + Tsey
Eq.k+1 = (Vd + K31)Eq,k + K32Cqk + Pq.k

Cq7k+l = Cq7k + ngq,k~ (37)
It can be easily determined that the vector (4 k, (g k+1)” tends
asymptotically to (0, —p,.x/r32)" . Hence, the closed-loop sub-
system (37) will eventually be reduced to

T

€w k1 = (1 + Ka1)ewr + K229k — 7

TL.k

Ik+1 = gk + Tseqy k- (38)

In a similar fashion, vector (e, k, gx)” in (38) asymptotically
tends to (0, Ts7r 1 /(JK22))T, accomplishing the tracking of a
desired reference signal w,. ;, for the rotor velocity wy.

APPENDIX B
SAMPLED VERSION OF FOCs

Both controllers, DFOC and IFOC, cancel out the old dy-
namics of the stator currents and introduce the new dynamics
through the sampled variables v, j and v, as follows:

Lmi2, B >

— —@d.i + Vi

Ugr = 0 | —PWrigk —
( Tr¢d,k Tr

Linigriar

+ Bpwrdar +v .k> .
Tr®d,k @

(39)

Ug ) = O (pwkmk- +

It is clear that controls in (39) have the same purposes of those
described for (7). In what follows, all the integral actions (41),
(43), and (51) are approximations obtained by means of the
explicit Euler method.
1) Sampled DFOC: Given ¢g4 . 1, the reference signal for the
stator d component results as follows:
Tr

gk = I (—pd,1(bdk — Gdrk) — Pd,2Cd, k)
m

J

L 40
krddrk (40)

lgrhk = (=Pg1(Wk — Wr k) = Pg,2Cq k)
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where (g . and (4 1 in (40) are integral actions defined as
Cakt1 = Cak + Ts(Pak — dark)
Cohtr1 = Cg b + Ts(wp — wr k) (41)
The control inputs vg 3 and v, are proposed as PI control
loops

vak = — Pai(iar — idrk) — Dd2Cik — Pdk

Vg,k = — ﬁq,l(iq,k - iq,r,k) _pq,QEq,k — Pq,k (42)

where §d7k and §q7k in (42) are the integral actions with the
following dynamics:

Caks1 = Cak + Ts(ian — iark)

Caorr = Cqe + Tsliq e — igurk)- (43)
The functions ¢g4 1 and ¢4 1 account for the old dynamics
Pdk = — Vidk — %d,k
Pak = = Vigk ~ lgk- (44)

Functions (44) can be omitted for the sake of simplicity of
the control inputs; in such a case, the integral actions (43) can
attenuate them.

The rotor position is estimated with rotor flux components in

the stationary reference frame
05,1 = atan(dp 1/ Pak) 45)

with

Ly, T
I, (46)
T

r

. . T, - .
Drt1 = Qrk — ?¢k + pwr T Pr +

where qgnk = (qgmk, (;357;@)? Estimations in (45) and (46) are
similar to those in (15) and (14), respectively.

2) Sampled IFOC: With ¢g4 . . available, the reference signal
for the d current component is proposed as

Pd.rk

L,
It can be verified that (47) corresponds exactly to (17). The
electromagnetic torque can be considered as a pseudoinput
in the mechanical equation, where a reference signal can be
proposed as

Lk = 47)

Terk = — Jcl(wk - w7”7k) — Jeozy,

21 = 2k + Ts(wp — wr k) (48)

where 2}, is an integral action. Once ¢g . ;. and (48) are available,
the reference signal for the ¢ current component is proposed as
i _ Te,rk
q,rk = :
krdd,r i

When T = 0, (20) yields exactly to (49). The fictitious control
inputs vq, and v, are proposed as single current control
loops

(49)

Vak = — a1 (Gak — ldrk) — Cd,2%dk

Vg = — Cq1(lgk — lgrk) — Cq22qk (50)
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where the integrators zq 1, and z, ;. are defined as

zd g1 = 2k + Ts(iak — idrk)
2q k1 = Zqk + Ts(igk — g k)- (5D
Finally, the rotor angular position is calculated as
Lnigrk
Op 1 =0p1 + T <Pwk + W) . (52)
T’rd)d,r,k

The similarities between (52) and (23) can be noted.
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