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Abstract: We present a direct torque and flux control (DTFC) design for an electric induction
motor using a sliding-mode control technique. A distinctive feature of our approach is that, by
appropriately parameterizing and implementing the sliding-mode controller, we explicitely
take into account the discontinuous nature of the actuator in the design process. As a result,
we obtain an improved implementation of DTFC, which significantly reduces the levels of
steady-state ripple with respect to those typically obtained with conventional implementations
of DTFC.
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1. INTRODUCTION arise from the way the inverter driving the motor
operates in this approach. Namely,

(1) The inverter operates at a variable switching fre-

Vector control of electrical drives, with its two main quency, and moreover, there is no control on the
commercial implementation approaches, Field Ori- number of switches at a given update of the con-
ented Control (FOC) and Direct Flux and Torque trol signal.

Control (DTFC), has generated much discussion com- (2) The inverter can only generate a restricted set
paring advantages and disadvantages of each scheme  of actuating signals for a range of operating
(e.g., Le-Huy, 1995; Vas, 1998). On one hand, FOC conditions for which the maximum DC bus is
appears as having a better performance than DTFC in always applied, independently of the magnitude
a wide range of speed and load conditions. However, of the error signal or the load of the motor.

the performance of a FOC implementation critically These characteristics give rise to difficulties in startup

depends on very a_ccur_ate coo_rdlnate transformathns(machine magnetization) and increased levels of steady-
and flux angle estimation, which are complex. This state torque ripple

complexity leads to significantly more computations

than those of the simpler alternative of an equivalent Because the simplicity of DTFC is highly desirable

DTFC implementation, which normally only requires in many applications, a number of recent works have

setting up dookup tablethat specifies the actuation suggested different strategies to circumvent its perfor-

for each given torque and flux condition. mance limitations. For example, Kazmierkowki and
Kasprowicz (1995) have proposed the introduction of

On the other hand, the simplicity of DTFC contrasts an additional carrier signal to the torque controller

with some performance limitations, which essentially



input to improve startup and low speed operation, The input voltage¥, andV, in the model (1) represent
while Takahashi and Noguchi (1997); Idris and Yatim the projections of the motor phase voltagksvs, Vs
(2000); J.Kang and Sul (1998) suggest double paralleldriving the motor on the so-callegld-plane, i.e.,
PWM-Inverter, injection of dither signal, triangular

signal, and calculation of optimal switching technique {Vq} —K {st} K — 2 1 -1/2 -1/2
for the reduction of steady-state torque ripple. Vy ’ 310 -v3/2V3/2|

Vi

In recent works, Yan et al. (2000) and Romero and The phase Vo|taga$,,vs7\/t are generated by the in-
Valla (2000) have proposed modified DTFC control verter that drives the motor. Since there are eight ad-
schemes based on thkiding-modecontrol (SMC) de-  mjssible combinations of the three pairs of switches
sign technique (Utkin, 1993). A distinctive feature of of the inverter, the resulting voltage vector driving the
the SMC of electrical drives is that the discontinuous motor has eight possible positions (Figure 1). Two
nature of the actuator (the inverter) may be explicitely of these positions are null vectors, and correspond
taken into account within the design process. More- tg the three upper switches closag, or the three
over, being SMC a Lyapunov-based design technique|ower switches closed,. The remaining six positions

(Khalil, 1996, §13), it brings in the design process gare the active (non null) values of the voltage vector,
a powerful set of modern nonlinear control tools to shown in theg, d-plane in Figure 2.

further analyze and tune the control system.

)

In this paper, we propose extensions to the SMC \ \ \
scheme presented in Romero and Valla (2000). Firstly, % B

we propose a methodology to design the inverter DC- of

bus value to guarantee convergence of the SMC (§3). Yo T A
Secondly, we present two strategies for the imple- ( ( (

mentation of the SMC to achieve a significant re-
duction of the steady-state torque ripple, in compar- Ve
ison witn those obtained using conventional DTFC

schemes (84). We discuss and compare these results

in 85, illustrating the performance of the proposed Fig. 1. Inverter scheme.
controller on simulation experiments.

Vs v

Since there is usually no neutral connection between
the motor and the inverter, the inverter leg voltages
Va0, Veo, Vo are not directly applied to the motor

2. BACKGROUND phases, but are related to them through the transfor-
mation
2.1 Induction Motor Model VA 1 2 —1-17 [Vy
Vs| =2 -1 2 —1| |Vg|- (3)
We consider the following standard state-space model \VA 3 -1-1 2| Vg
of the induction motor (Krause et al., 1986),

Each of these leg voltages can only have two possible

digs R n . . 1 Unc ; i
—as _ Arc— — A s — Binet Nai _~\, Vvaluest-3¢, i.e., half of theDC-bus U,- (Figure 1).
dt ~ LLeo 0 oLy s~ PlastNxrigs oV ? c
diy Re n : . 1
i [ Leo ast G @rhas— Blgs = Nexlast Vg
dA, . 2.2 DTFC control
dtqs = —RilgstVy
ddgs “Ri. 4V 1) DTFC is based on limit cycle control (hysteresis
de ~ " Sds' d loops) of both electric torque and stator flux control-
dar ling the output voltage of the inverter. 8witching
—— =Te—Boy — 1, .
dt table is used to select the best output voltage vector

depending on the position of the stator flux and the
desired action on electric torque and stator flux (Taka-
hashi and Noguchi, 1986; Depenbrok, 1988). The flux
position in theq,d-plane is quantified in six sectors,
one for each active voltage vectdf, k =1,2,...,6,

as shown in Figure 2.

in which the state variables, the stator curreégds
and fluxesigs, A4, are set in a reference frame fixed
to the stator. Herete = gn(iqsxds— igsAgs) denotes
the electric torque, witm being the number of pole
pairs, 7, is the load torqueB is the mechanical fric-
tion coefficient, ands, denotes the rotor speed. The
constantsc and B are 6 = 1 — M?/LsL, and B = The switching table proposed in Takahashi and Noguchi
R/ /oL, +Rs/oLs, whereLs, L, M are the stator, rotor, (1986) is shown in Table 1. Alternative tables exist for
and mutual inductances, aRd R; the stator and rotor  specific operation modes, e.g., high/low speed opera-
resistances, respectively. tion, 2/4-quadrant operation, etc. (Buja et al., 1998).



Vs

Fig. 2. Active voltage vectors, stator flux vector, and
sectors on the, d-plane.

Desired \oltage vector depending on sector
Effect 1 2 3 4 5 6
el [Vo [Va [V Vs |Vs| W
T [ = [V [V [V [V [ V2 | Y
el | Vo (Vi | V% | V5 | Ve Vs
ol [ V3 [Vo [ Vs [ Vs [ VL] V%
sl [te— [ Vo [ Vo [V [V [V | V5
el [Vs [Ve Vi |V [ V5]V,

Table 1. DTFC Tablex |: increase irx, X | :
decrease i, andx—: X remains invariant.

3. SLIDING MODE CONTROL

The SMC strategy is based on the design of a discon-
tinuous control signal that drives the system towards

represents the tracking of the flux magnitude, the man-
ifold S,(x) = O represents the torque regulation, and
the manifoldS;(v) = O represents a voltage balance

condition for the inverter.

In Romero and Valla (2000) the candidate Lyapunov
functionW = %STSZ 0 is proposed to achieve con-
vergence to the manifoldS= 0. The time derivative
of W along the system trajectories can be written as

where
28,
- 0.
H = PSaxt 5, | andD = 9Sg, 1. (6)
oX T(; oX

To guarantee the convergence of the system states
to the manifoldsS = 0, an appropriate discontinuous
control signal is chosen to maki¥V/dt < 0. Because

the inverter produces the three independent voltages
V05 Vo Veor €ach of which, in turn, can only take the
values+Up /2, it is natural to propose the discontin-
uous control signal from (4) as

with S=D'S

v=—U,signS’), @)

special manifolds in the state-space. These manifoldsNoW on replacing (7) in (5) and rearranging teridg,
are chosen in a way that the system will have the @Ppears as the design parameter in

desired behavior as the state converges to them (e.g.,

Utkin, 1993; Khalil, 1996).

We now review the basic strategy of SMC for an

induction motor, as in Romero and Valla (2000), and

show how to compute the inverter DC-tus. off-line

do\l’tv =S'DD'H — S'DU_sign(S")
=(S)TH* —U, IS, ®)
whereH*T = (D1H)T = [n; b h3] and|S| = |S;| +

to guarantee the desired performance of the system inS;| + |S5|. Hence, from (8), by selectirlg, such that

steady-state.

3.1 Basic Strategy

As in Romero and Valla (2000), we neglect the rotor

Up > ||, Vi=123, (9)

convergence to the manifoldS = 0 is guaranteed
(Utkin, 1993).

speed dynamics as compared to the machine elec-

trical dynamics, and consides, in (1) constant for
the synthesis process. On writing,V, in terms of
Va0s Vo Voo Using (2) and (3), system (1) may be
represented in the form

dx

dt
and

=Ax+Bv, where x= [Ags Ay igs ids]T

T
V= [Vao Vo Vol )

We postulate the SMC manifolds
Sl(x) )I'ZSJF )Ldzs)/)bref

S= %(X) = %n qs)tds dslqs /Tref =0,
S(v)

J (Vao(t) +Veo(t) +Veo(t ))dt

where 4., and 7,; are the references for the flux
magnitude and the torque. The manifdbl(x) = 0

3.2 DC-Bus Design

Note that Equation (9), wherk is a time-varying
function needs to be satisfied by appropriately se-
lecting Uy, which is produced by theonstantDC-

bus Upc/2. Hence, we propose to selddy as the
worst-case value under steady-state conditions. To this
purpose, we now determine a steady-state expression
of H* = D~1H.

Let the reference valued  and 7,; be constant.
By neglecting ripple, the fluxes and currents in (1)
may be assumed as sinusoidal with phases,ogtly
and0(t) + 6 respectively, with = cte Under these
hypothesesH = [h, h, h;]T in (6) turns out to be a
constant vector given by



hy = 2R (ighgs+Tashas) /Ares

2
)LRr (' maxAmaxCOSO )
ref

< —zaimmamax/xref =h,,
'qs)“ds igstas) + Nor (I gAys + igshas)
- _Ls ()“ds"" A%

- 2B
— 3n
h; =0.

nay

Tref T N0y imaxAmax— Aref =

WhereH = [h, h, 0]T is an upper bound dfi. On the
other hand in (6) can be shown to be

D=AxK (20)
whereK is given in (2), and
22qgs —2A4s 0
A= 20L [OLsigs—Agsl — 20'L GLS'QS Ags O
0 0

BecauseoLsi  represents a leakage flux, it can be
neglected as compared 1g,, and the same holds for
oLsigs with respect tolgs. Then, it is easy to see that
the matrix A essentially performs a rotation, i.e., a
change of coordinates from a fixé¢d,d)-frame to a
(g,d)®-frame rotating at the synchronous frequency
o = df/dt. Thenthe matrix D= A x K transforms
the three phase magnitudes in ttR S T) frame to

a rotating frame oriented witlls = [qs /lds] Notice
thatD is an orthogonal matrix, i.eD" =D~ iy

In summary, under steady-state conditions, the com-
ponents ofD~1H are, essentially, three identical si-
nusoids shifted 23z rad each. We can then select
Upc = 2U, from

Uy = max||D ™ *H] |, (11)

which may be easily computeaff-line.

4. IMPLEMENTATIONS FOR TORQUE RIPPLE

REDUCTION
This section presents the main contributions of the pa-
per, namely, two techniques to implement tireline

computation of the control signal to achieve reduction
of the steady-state torque ripple.

4.1 Lyapunov-Based Softening of the Control Action

The proposed constant value df in (11) has been

shown to guarantee, in steady-state, the Lyapunov.

conditiondW/dt < 0 required by SMC. However, no-
tice from (8) that wher(S")TH* < 0, this condition
would still be guaranteed withl; = 0. This obser-
vation suggests the possibility of making the control

voltagev a null voltage vectory, or V, in that case,
—U,sign(S*)

ie.,
{VO»V7

Such a design for the output of inverter requires the
on-linecomputation of the valuéS*)TH* = SH. This
computation, however, is not exceedingly complex
and produces a significant reduction of torque ripple
with respect to the basic SMC strategy of §3 or other
conventional DTFC strategies. We further discuss and
illustrate this point with simulations in §85.2.

if (S)TH* >0,

. (12)
otherwise.

4.2 Periodic Intersample Modulation by Averaging

When the control voltag® in (12) does need to be
an active voltage vectoy, k= 1,...,6, the proposed
SMC strategy applies the full;, which we have de-
signed in 83.2 as a worst-case value to satisfy (9)
under steady-state conditions. This worst-case value
turns out to be particularly conservative at low fre-
guencies, producing a growth of torque ripple.

Since the implementation of the controller is in dis-
crete timef = NT;,N =0,1,2, ..., with a control up-
date timeTs, we propose to perform periodic mod-
ulation of the applied voltage vector during the inter-
sample periodNTs, (N + 1)Ts) to further reduce the
torque ripple wherl is too large. This modulation
consists in applying the computed active voltage vec-
tor only on the first fraction of the intersample period
[NTs, NTs+ Tay), while assigning a null voltage vector
V, or V; for the rest of the periodNTs + Tay, (N +
1)Ts). The timeT,y, which varies at each sampling
time, is computed following aaveraging procedure
similar to that proposed in J.Kang and Sul (1998), as
we see next.

We start by computing a virtual “necessary” voltage
vector, sayl,,, to satisfy (9). At the sampling time
t = NTs, the valueU,, is obtained computing the
“necessary” column voltages as

T *
[UOnA(NTS) UOnB(NTS) UOnC(NTS)] =H*(NTs).
(13)
Then, from (13) we obtain the magnitude of the volt-

age vector as (for simplicity we omit the argument

(NTs))
[Uonll = /UG g+ UGy with
where
2
Uong = 3(Uona —Yone/2 ~Yonc/2);
V3

Uong = 3 (Uonc = Yone)-
The implementation dfl, is carried out by “averag-
ing” active and null vectors, which may be represented
by the expression
Taw + (Ts — Tav)Vp(V7)
Ts

Uon = )



whereT,y is defined as the proposed control law is not defined at the origin,
however, it does require non zero initial conditions for
start-up, which were set ifigs 44s] = [1075 0] , i.€., the
flux vector is in sectok = 1, and vectoW, is selected
The active vecto¥,,.k=1,2,...,6 is provided by the  to magnetize the machine.

control law (7), and the selection of the null vector

V, orV; depends on the applied active vector in order °s A ref‘ ‘ ‘ | | ‘ ‘ —_—
to produce the least number of switch commutations. os 1
The quantity%UDC is the maximum magnitude of the | As |
voltage vector when an active vector is applied during | |
the complete intersample interil Ts, (N + 1) Ts). °
In summary, the proposed modulated Control taw 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
given by s
V(t) = 2 +x igﬁge vectors
—Ugsign(S*) if SH>O0NTs <t < NTs+ Tay), 1 ¥
Vo, V7 otherwise, 0 .
fort € [NTs,(N+1)Ts). (14) S

L L L L L L L L L
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

5. DISCUSSION AND SIMULATION RESULTS Flg 3. Reference and flux module at start up.

This section discusses the performance of the pro-
posed controls (12) and (14), showing their advantagess.2 Torque Ripple

with respect to the basic scheme of 83.1 and con-

ventional DTFC. The evaluation is performed through By implementation of the softening of the control ac-
simulations. The emulated set-up considers a powertion of § 4.1 and the periodic modulation of § 4.2,
IGBT inverter with a DC-bus of 500 V. Since the the proposed control scheme achieves significant re-
control imposes a variable frequency operation, the duction of the steady-state torque ripple, as compared
speed limit of the converter is fixed by the minimum with the basic SMC and conventional DTFC schemes.
pulsewidth, which is set at ;. = 5x 10° s. The

sampling time isTs = 10~* s. The motor parameters The ripple phenomenon in DTFC is mainly generated

by two factors: (i) conventional DTFC assigns, for a

are given in Table 2.

specific action, a single voltage vector for the whole

Rs=7Q M = 0.1094Hy sector and during the whole sampling period, and
R =640Q J = 0.0195Nm/$ (ii) voltage vectors producing torque decrease have a
'l;-; i'—lfszlf;%g”y Efg.ooz stronger action than those producing torque increase.

The assignment of voltage vector to a whole sector
in DTFC amounts to computing the control action
on an error measurement thagjgantized by sectors
This quantization by sectors may produce undesirable
effects depending on whether the flux vector is at the
beginning, in the middle, or at the end of the sector
(Bertoluzzo et al., 1999). The proposed SMC takes
into account the flux position. Indeed, we can see
from the expression of the control signal (7) that the
information contained irS° = D'S is the flux and
The proposed control scheme (14) permits the ma-torque error per phase, explicitely parameterized by
chine magnetization without a torque reference sig- the position of the stator flux vector.
nal, a feature that is not possible with a conventional : :

The asymmetrical effect of voltage vectors in torque

DTFC scheme. This feature is possible because the . o . .
decrease or increase is discussed in Casadei et al.

proposed scheme can use all eight voltage vectors : . - -
instead of the five admissible in conventional DTFC. (1997). Basically, any torque mcrea&_@ *.Te(tN.H)
Te(ty) has always a negative contribution (indepen-

The best choice for machine magnetization is the volt- . S

o ) . dently of the voltage input), a situation that becomes
age vector which is collinear to the flux vector in each

. o worse as speed and load torque go up.

sector, namely, if the flux vector is in secthr the
best choice i8/,. This situation is not contemplated In the proposed SMC strategy (14), the quantity
in conventional DTFC. Figure 3 shows the response S‘'H* = SH < 0 contains the information about when
of the proposed SMC scheme at start up. Becauseit is necessary to decrement the torqueSn> 0.

Table 2. Motor parameters for simulations.

The simulation results illustrate the performance on

e Machine magnetization,
e Steady-state torque ripple

5.1 Machine Magnetization



In that case, a null vectov,, (V) is selected as a Comventionsl OTFC

control action, which results in an important decrease i} 8
of torque ripple. Sincéd includes information about | (i |

the references and their derivatives, a torque inversion, _ |
If reqUIred’ IS performed USIng aCtlve VeCtors’ WhICh 0.78 0.7‘82 0.7‘84 0.7‘86 0.7‘88 0‘79 0.7‘92 0.7‘94 0.7‘96 0.7‘98 0.8
makes the proposed control scheme suitable for four- SMC without intermoduation

guadrant operation. This operation makes our strat- *f ]
egy better than those cited in Buja et al. (1998) as OWWMWW\/WNWWWW
State Table A and B, which propose null vectors to | f
decrement flux and torque (in case of torque iNVersion, oz o o o oms o o o074 o7 o078 08
these strategies will just apply null vectors, so that xe

the motor will reverse the torque only with its un- | i

forced dynamics). Figure 4 shows the torque ripple in /e, el e NG A A i

the conventional DTFC (top) and the proposed SMC -1+ 8

scheme (bottom) aj)r = 148‘ad/segandfl =7.6Nm 078 0782 0784 0786 0788 079 0792 0794 0796 0798 0.8

The torque ripple produced by the proposed strategy is ) .

about half that of conventional DTEC. Fig. 5. Intersampling modulation effect at low speed
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