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A Low-Switching-Frequency Flux Observer and
Torque Model of Deadbeat–Direct Torque and

Flux Control on Induction Machine Drives
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Abstract—This paper presents a digital implementation of
deadbeat–direct torque and flux control (DB-DTFC) for induction
machines at low switching frequencies (SFs). For high SFs, existing
discrete-time flux observers and Volt–second-based inverse torque
models used for DB-DTFC achieve acceptable flux estimation
accuracy and fast torque response. However, the flux estimate is
less accurate when the SF is reduced and the DB-DTFC perfor-
mance degrades. This paper develops a more suitable flux observer
and Volt–second-based inverse torque model that minimizes flux
estimation error and improves torque control for DB-DTFC. Sim-
ulation and experimental results are provided to evaluate the per-
formance of the proposed observer and torque model at very low
SFs. Consequently, digital implementation of low-SF DB-DTFC on
high-power induction machines is feasible.

Index Terms—Deadbeat–direct torque and flux control (DB-
DTFC), flux observer, low-switching-frequency (SF) operation.

NOMENCLATURE

( )s Stationary reference frame.
( )r Rotor reference frame.
(∧) Estimation quantity.
( )∗ Reference quantity.
(·) Time derivative operator.
( )s Quantity on the stator side.
( )r Quantity on the rotor side.
( )qdx Complex vector quantity.
(k) Quantity at the kth sampling time.
(s) Quantity in the Laplace domain.
s Laplace operator.
vqds Stator voltage complex vector.
iqds Stator current complex vector.
iqdr Rotor current complex vector.
λqds Stator flux linkage complex vector.
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iqdr Rotor flux linkage complex vector.
Rs Stator resistance.
Rr Rotor resistance.
Lm Magnetizing inductance.
Lls Stator leakage inductance.
Llr Rotor leakage inductance.
σ = 1− (LmLm/LsLr) Total leakage factor.
τr = Rr/Lr Rotor time constant.
ωr Electrical angular velocity of rotor.
ωbr = (Rr/Lr)− jωr Rotor break frequency.
Te Electromagnetic torque.
Ts Sampling time.

I. INTRODUCTION

D EADBEAT–DIRECT torque and flux control (DB-
DTFC) is a promising alternative to indirect field-oriented

control (IFOC) for induction machines [1]–[5]. Unlike IFOC,
which relies on properties of the current regulator [6], DB-
DTFC manipulates the inverter Volt–second vectors directly
over the entire operating space using a single control law [3].
In addition to the air-gap torque, stator flux linkage is used as a
simultaneous control variable to dynamically manipulate loss,
which is not a straightforward process to achieve via IFOC.
Compared to traditional direct torque control using hysteretic
comparators [7], [8], the switching period of DB-DTFC is fixed,
which offers the potential to integrate advanced ac machine
control techniques such as self-sensing.

The performance of DB-DTFC depends on a properly
formed discrete-time flux observer to estimate flux and an accu-
rate inverse torque model to compute the Volt–second solution
for each switching interval. The development and implementa-
tion of flux observers have been widely explored in literature,
mostly using continuous-time-domain analysis and transform-
ing into discrete-time domain with first-order approximation
(also referred to as Euler approximation) [9]–[15]. The existed
DB-DTFC drives [1]–[3] utilize flux observer topology illus-
trated in [9] and follow digital implementation approaches pro-
vided in [10]. By combining the current model and the voltage
model of induction machine, reliable estimation accuracy and
insensitivity to parameters are demonstrated. The flux linkage
estimates are then used to compute the deadbeat Volt–second
control law based on the induction machine torque model. A
graphical Volt–second solution can be used to document the
simplicity of the control law to achieve the commanded torque
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Fig. 1. State block diagram for the high-SF flux observer system [10].

and simultaneously have a separate degree of freedom for loss
manipulation [3].

Although the accuracy of this flux observer and Volt–second-
based inverse torque model has been evaluated at high switch-
ing frequencies (SFs) (e.g., 10 kHz), DB-DTFC on an induction
machine at low SFs has not yet been investigated. For high-
power induction machine drives, however, switching losses
force the use of low SFs. The approximations embedded in the
flux observer structure and torque models might not be valid for
low-SF operation.

In the literature, developments of low-SF flux observers and
induction models have been given in [16]–[19], using various
discretization algorithms. The proposed method in [16], using
exact discretization on the time-varying matrix, demonstrates
significant improvements over the Euler approximation at low
sampling frequencies. The solution is developed in the syn-
chronous reference frame and evaluated on a V/F induction
motor drive by simulation. The solutions provided in [17]
require no assumption of constant voltage over each discrete
step but need input voltage known in advance (e.g., sinusoidal
voltage). Thus, it is not suitable for fast dynamic applications
fed by a pulsewidth-modulation (PWM) voltage source. Pole
mitigation analysis has been provided in [18] and [19], and an
unstable region due to use of first-order approximation has been
explicitly documented. Computationally optimized solutions
are provided and compared with first- and second-order Euler
approximations.

This paper presents a cross-coupled discrete-time system
modeling methodology for DB-DTFC drive operating at low
SFs. The methodology follows an exact discretization ap-
proach, with the assumption of constant speed over one switch-
ing period. Using this methodology, an enhanced flux observer
and an enhanced torque inverse model are developed as so-
lution for a DB-DTFC drive operating at low SFs, and their
performance is compared with the existing DB-DTFC solutions
with high-SF approximations [1], [2], [10]. The flux observer

is modified to provide accurate estimates of stator and rotor
flux linkages without the usual high-SF approximations and
also be suitable for torque estimation at low SFs. A low-
SF Volt–second-based inverse torque model of the induction
machine is developed to achieve the desired deadbeat control of
air-gap torque response. The proposed low-SF DB-DTFC mod-
els are evaluated in simulation and experiments in Sections IV
and V, respectively. Possibility to integrate low-SF DB-DTFC
on high-power machines is further explored in Section VI.

It may be necessary to clarify the terms of “high-/low-
SF model” and the use of “Euler approximation” and “exact
discretization.” Indeed, the existing high-SF DB-DTFC model
employs models based on the Euler approximation, while the
proposed low-SF model follows an exact discretization method-
ology. From the standpoint of motor drives, however, the use of
either model primarily depends on the system power rating and
the SF. To be more application oriented, the terms “high-/low-
SF models” are used in the rest of this paper.

II. LOW-SF FLUX OBSERVER

A. High-SF Flux Observer

Digital implementation of a stator and rotor flux observer has
been proposed in [10], by combining the current model and
the voltage model. A state block diagram of the closed-loop
observer system is shown in Fig. 1. It has been demonstrated
to possess good estimation accuracy and performance when
integrated with DB-DTFC at relatively high SFs (e.g., 10 kHz).

The sensitivity to low SFs should be investigated on both the
current model and the voltage model. For the current model,
the measured current is used to estimate rotor flux based on
the relationship shown in (1), where the rotor reference frame
is used to eliminate the rotor speed dependence. For digital
implementation, a ramp interface for stator current is assumed
because the stator current in the rotor reference frame can be
seen as a sinusoidal waveform at the slip frequency. Even at
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low SFs, this assumption is still acceptable because of the slow
slip frequency. Therefore, this current model is still valid. The
difference equation for implementation is based on (2)

λ̇r
qdr =

Rr

Lr
Lmirqds −

Rr

Lr
λr
qdr (1)

λr
qdr(k) =

(
1− τr

Ts
+

τr
Ts

e−Ts/τr

)
Lmirqds(k)

+

(
τr
Ts

−
(
τr
Ts

+ 1

)
e−T s/τr

)
Lmirqds(k − 1)

+ e−T s/τrλ
r
qdr(k − 1). (2)

The voltage model in this flux observer model becomes prob-
lematic at low SFs. In the continuous-time domain, stator volt-
age and current are used to estimate stator flux linkage based
on the relationship shown in (3). For digital implementation,
the average rate of change of stator flux linkage approximates
the flux derivative as shown in (4), which is less accurate when
switching slowly. Another unacceptable approximation at low
SFs is the assumption that the stator current is constant during
the sample interval. Comparing (4) to (3), stator flux and current
are treated as two independent states, and the cross-coupling
between them is ignored

λ̇s
qds = vsqds −Rsi

s
qds (3)

λs
qds(k + 1)− λs

qds(k)

Ts
= vsqds(k)−Rsi

s
qds(k). (4)

B. Methodology for Discrete-Time Modeling

Before discussions about low-SF flux observers and torque
models, a principle methodology for modeling a discrete-time
cross-coupled system is generalized and proposed as follows.

Step I) Prepare continuous-time-domain differential equations
of relevant state variables.

Step II) Form the Laplace transform of the differential equa-
tions, including the effects of initial conditions.

Step III) Cross-solve the Laplace-transformed equations for
each state as needed. Only initial conditions from cross-
coupled states and inputs should remain.

Step IV) Substitute the latched model for the manipulated
inputs in the equations obtained in Step III).

Step V) Find the continuous-time step response based on in-
verse Laplace transformation.

Step VI) Find the cross-coupled response at the next sampling
instant, and generalize into sampled time domain.

Both low-SF flux observer and Volt–second-based torque
model for induction machine have been developed strictly fol-
lowing the aforementioned procedure. The discrete-time mod-
eling methodology is also applicable for other systems, like
interior permanent-magnet synchronous machines [20].

C. Low-SF Flux Observer

Following the modeling methodology, a low-SF flux observer
is derived in this section without fast high-SF approximations.

In terms of fundamental continuous-time-domain differential
equations (Step I), rotor flux differential (5) and relationships
between flux linkages (6) and (7) have been used in addition to
stator flux differential (3) used for the high-SF flux observer

λ̇s
qdr = −Rri

s
qdr + jωrλ

s
qdr (5)

λs
qds =Lsi

s
qds + Lmisqdr (6)

λs
qdr =Lmisqds + Lri

s
qdr. (7)

By cross-solving (5)–(7), the following equation is obtained
with the states of stator flux linkage and stator current remain-
ing only:

λ̇s
qds + ωbrλ

s
qds = σLsi̇

s
qds + Ls

(
Rr

Lr
− jσωr

)
isqds. (8)

By assuming that the change of rotor speed over one switch-
ing period is negligible, the Laplace transform is applied to
(3) and (8) as Step II). It results in the Laplace-transformed
differential equations, as shown in (9) and (10), for stator
flux and stator current, respectively. It is noted that the initial
conditions should be included in the transformation

sλs
qds(s)= vsqds(s)−Rsi

s
qds(s) + λs

qds(t = 0) (9)
(s+ ωbr)λ

s
qds(s)− λs

qds(t = 0)

=

(
σLss+Ls

(
Rr

Lr
−jωrσ

))
isqds(s)− σLsi

s
qds(t = 0).

(10)

For an induction machine driven by a voltage source inverter,
the machine terminal voltage is the true manipulated input. The
latched model (11) is suitable to describe its characteristic of
step input

vqds(s) =
vqds(t = 0)

s
. (11)

By cross-solving the Laplace-transformed differential (9)
and (10) for stator flux linkage as Step III) and substituting
the manipulated input variable by the latched model (11) as
Step IV, the state of stator flux linkage in s-domain is described
only by the manipulated input and initial conditions in (12). The
eigenvalues in (12) are identified as τ1 and τ2 in (13)

λs
qds(s) =

s+ Rr

Lrσ
− jωr

s(s+ τ1)(s+ τ2)
vsqds(t = 0)

+
s+ Rr

Lrσ
+ Rs

Lsσ
− jωr

(s+ τ1)(s+ τ2)
λs
qds(t = 0)

− Rs

(s+ τ1)
isqds(t = 0) (12)

(s+ τ1)(s+ τ2) = s2 +

(
Rr

Lrσ
+

Rs

Lsσ
− jωr

)
s+

Rsωbr

Lsσ
.

(13)

To find out the continuous-time step response solution, the
Laplace inverse transform is applied on (12) as Step V). The
result is shown in the following, which indicates the response
to a step input in the time domain with given initial conditions:

λs
qds(Ts)=Fvv

s
qds(t=0)+Fλλ

s
qds(t=0)+Fii

s
qds(t=0) (14)
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Fig. 2. State block diagram for the proposed low-SF flux observer system.

where

Fv =

Rr

σLr
− jωr

τ1τ2
+

Rr

σLr
− jωr − τ1

τ1(τ1 − τ2)
e−τ1Ts

−
Rr

σLr
− jωr − τ2

τ2(τ1 − τ2)
e−τ2Ts

Fλ =
−τ2

τ1 − τ2
e−τ1Ts +

τ1
τ1 − τ2

e−τ2Ts

Fi =
Rs

τ1 − τ2
e−τ1Ts − Rs

τ1 − τ2
e−τ2Ts .

In the sampled time domain, (14) can be generalized to an
arbitrary time kT as the final step, and the final recursive cross-
coupled state equation for stator flux linkage is obtained as

λs
qds(k + 1) = Fvv

s
qds(k) + Fλλ

s
qds(k) + Fii

s
qds(k). (15)

The same methodology is followed by cross-solving (9)
and (10) to achieve the recursive cross-coupled state equations
for stator current. The Laplace inverse transform is applied,
which yields the response in continuous-time domain. It can
be then generalized to the sampled time domain as (16). This
effort improves the current observer, which provides the current
estimates at the next switching instant that do not have a lagging
property [10]

isqds(k + 1) = Cvv
s
qds(k) + Cλλ

s
qds(k) + Cii

s
qds(k). (16)

The recursive equations for stator flux linkage (15) and
current (16) can be used to modify the flux observer model
shown in Fig. 1. A corresponding state block diagram of the
proposed low-SF flux observer is shown in Fig. 2.

D. Flux Observer Comparison

By simple term arrangement of (4), the recursive equation for
the high-SF flux observer is obtained as

λs
qds(k + 1) = Tsv

s
qds(k) + λs

qds(k)−RsTsi
s
qds(k). (17)

Fig. 3. Coefficient comparisons of the proposed flux observer at 1.5 and
0.5 kHz with the existing flux observer. Coefficient comparison for (a) Vqds(k),
(b) Iqds(k), (c) λqds(k), and (d) a zoomed-in view of (c).

It is indicated in recursive (15) and (17) that the discrete-time
state variables and the manipulated input are identical for the
low- and the high-SF flux observer. However, the coefficients
for the two models are different. For a fair comparison, the time-
invariant coefficients in the high-SF flux observer (17) have
been used as base values and placed in the center in Fig. 3. On
the other hand, corresponding coefficients used in the proposed
low-SF flux observer are varying at different operating speeds.
In particular, the coefficients at SFs of 1.5 and 0.5 kHz are
calculated as a function of operating speed and normalized by
the their counterparts in the high-SF flux observer and shown
in Fig. 3.
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The discrepancy of the proposed low-SF flux observer has
been clearly demonstrated in Fig. 3. Since complex variables
have been used in previous derivation, deviations on real axis
indicate the magnitude difference, while deviations on image
axis represent unmodeled cross-coupling effects due to the use
of high-SF approximations. At a relatively high SF of 1.5 kHz,
the coefficients in the proposed flux observer are fairly close to
its counterparts in the existing flux observer. However, signif-
icant differences emerge when the SF is reduced to 0.5 kHz,
from a perspective of magnitude and/or unmodeled cross-
coupling effects. It is safe to conclude that the proposed low-
SF flux observer is a more accurate form and applicable to both
high and low SFs for which the coefficients are calculated.

III. LOW-SF TORQUE INVERSE MODEL

A. High-SF Torque Inverse Model

It was proposed in [2] that the induction machine inverse
model can be used to create a deadbeat control law. The
fundamental expression of air-gap torque equation is given in
terms of flux linkages as (18). The torque differential equation
(19) is obtained by taking the derivative of (18) and substituting
the stator and rotor flux differentials (3) and (5)

Te =
3P

4

Lm

σLsLr
(λqsλdr − λdsλqr) (18)

Ṫe =
3P

4

Lm

σLsLr
(vqsλdr − vdsλqr − ωr (λqsλqr + λdsλdr))

−
(
RrLs +RsLr

σLsLr

)
Te. (19)

For digital implementation of DB-DTFC at high SFs, the av-
erage rate of change of torque can be used as an approximation
for the torque derivative (20), to form the sampled-time-domain
difference equation as (21). However, this assumption yields
torque control error when the SF is reduced

Ṫe =
Te(k + 1)− Te(k)

Ts
(20)

vqs(k)Ts =
λqr(k)

λdr(k)
vds(k)Ts

+
Tsωr(k)

λdr(k)
(λqs(k)λqr(k) + λds(k)λdr(k))

+
1(

3P
4

Lm

σLsLr

)
λdr(k)

×
(
ΔTe(k) + Ts

(
RrLs +RsLr

σLsLr

)
Te(k)

)
. (21)

B. Low-SF Torque Inverse Model

An accurate Volt–second-based inverse torque model, par-
ticularly for low-SF operation, is derived in this section. The

methodology used is following the one provided in Section II-B.
Stator and rotor flux differential equations, as the fundamental
relations employed, are presented in the following in a matrix
form:

⎡
⎢⎢⎣
λ̇s
qs

λ̇s
ds

λ̇s
qr

λ̇s
dr

⎤
⎥⎥⎦ =

⎡
⎢⎢⎢⎣
− Rs

σLs
0 RsLm

σLsLr
0

0 − Rs

σLs
0 RsLm

σLsLr
RrLm

σLsLr
0 − Rr

σLr
ωr

0 RrLm

σLsLr
−ωr − Rr

σLr

⎤
⎥⎥⎥⎦

⎡
⎢⎣
λs
qs

λs
ds

λs
qr

λs
dr

⎤
⎥⎦

+

⎡
⎢⎣
1 0
0 1
0 0
0 0

⎤
⎥⎦
[
vsqs
vsds

]
. (22)

Assuming that rotor speed changes over one switching period
are negligible, the Laplace transform including the initial con-
ditions is applied to flux differential (22). The resulted cross-
coupled s-domain stator and rotor flux linkage differential
equations are shown as follows, where the voltage states are
the true manipulated inputs:

⎡
⎢⎣
sλs

qs(s)−λs
qs(t=0)

sλs
ds(s)−λs

ds(t=0)
sλs

qr(s)−λs
qr(t=0)

sλs
dr(s)−λs

dr(t=0)

⎤
⎥⎦=

⎡
⎢⎢⎢⎣
− Rs

σLs
0 RsLm

σLsLr
0

0 − Rs

σLs
0 RsLm

σLsLr
RrLm

σLsLr
0 − Rr

σLr
ωr

0 RrLm

σLsLr
−ωr − Rr

σLr

⎤
⎥⎥⎥⎦

×

⎡
⎢⎣
λs
qs(s)

λs
ds(s)

λs
qr(s)

λs
dr(s)

⎤
⎥⎦+

⎡
⎢⎣
1 0
0 1
0 0
0 0

⎤
⎥⎦
[
vsqs(s)
vsds(s)

]
. (23)

As stated in Section II, the manipulated inputs can be mod-
eled as a latched interface by (11). The states of stator and rotor
flux linkages, in the s-domain, can be cross-solved as (24). Only
the manipulated inputs [e.g., vqds(t = 0)] and initial conditions
[e.g., λqds(t = 0) and λqdr(t = 0)] remain

⎡
⎢⎣
λs
qs(s)

λs
ds(s)

λs
qr(s)

λs
dr(s)

⎤
⎥⎦ =

⎡
⎢⎢⎢⎣
s+ Rs

σLs
0 − RsLm

σLsLr
0

0 s+ Rs

σLs
0 − RsLm

σLsLr

− RrLm

σLsLr
0 s+ Rr

σLr
−ωr

0 − RrLm

σLsLr
ωr s+ Rr

σLr

⎤
⎥⎥⎥⎦

−1

×

⎡
⎢⎣

1
s 0 1 0 0 0
0 1

s 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

⎤
⎥⎦

⎡
⎢⎢⎢⎢⎢⎣

vsqs(t = 0)
vsds(t = 0)
λs
qs(t = 0)

λs
ds(t = 0)

λs
qr(t = 0)

λs
dr(t = 0)

⎤
⎥⎥⎥⎥⎥⎦
. (24)

The Laplace inverse transform is applied on all four
s-domain flux differential equations in (24) to achieve
continuous-time step response solutions. After generalizing to
an arbitrary time kT , recursive equations for stator and rotor
flux linkages are obtained and expressed in a matrix format
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Fig. 4. Inverse torque model comparisons using the DB-DTFC graphical
solution. Switching at (a) 1.5 and (b) 0.5 kHz.

in (25). Each element, in the coefficient matrix (e.g., Bij), is
obtained from the Laplace inverse transformation⎡
⎢⎣
λs
qs(k + 1)

λs
ds(k + 1)

λs
qr(k + 1)

λs
dr(k + 1)

⎤
⎥⎦ =

⎡
⎢⎣
B11 B12 B13 B14 B15 B16

B21 B22 B23 B24 B25 B26

B31 B32 B33 B34 B35 B36

B41 B42 B43 B44 B45 B46

⎤
⎥⎦

×

⎡
⎢⎢⎢⎢⎢⎣

vsqs(k)
vsds(k)
λs
qs(k)

λs
ds(k)

λs
qr(k)

λs
dr(k)

⎤
⎥⎥⎥⎥⎥⎦
. (25)

The well-known induction machine torque equation shown
in (18) can be expressed in the sampled time domain as

Te(k + 1) =
3P

4

Lm

σLsLr

(
λs
qs(k + 1)λs

dr(k + 1)

− λs
ds(k+1)λs

qr(k + 1)
)
. (26)

The flux linkages at the next switching instant [e.g., λqds(k +
1)] can be substituted by the recursive equations shown in
(25). In addition, the term Te(k + 1) in (26) represents the
desired air-gap torque at the next switching instant, which is
theoretically the torque command at the current time T ∗

e (k). By
rearrangement of (26), a torque inverse model is obtained in
(27), which is similar to (21). Coefficients (i.e., m1, m2, and
m3) are functions of speed, SF, and machine parameters

V s
qs(k)Ts = −m1(k)

m2(k)
V s
ds(k)Ts +

T ∗
e (k)−m3(k)

m2(k)
Ts. (27)

The solution obtained in (27) demonstrates a unique Volt–
second-based torque model to produce desired torque and stator
flux magnitude simultaneously. Compared to (21), this torque
inverse model does not contain fast switching assumption (20)
and should remain accurate at any SF that the coefficients are
calculated for.

Fig. 4 provides the comparison of the two torque inverse
models using the DB-DTFC graphical solution. For each
switching instant, the Volt–second solution is computed so that
both air-gap torque and stator flux magnitude commands can
be achieved. The difference between the two solutions is shown
more significantly in Fig. 4(b), where the SF is as low as
0.5 kHz. Inevitable torque control error is expected when the
high-SF torque model is used for low-SF operation.

Fig. 5. Flux estimation errors in simulation using the high or low SF flux
observer at rated flux switching at [(a) and (b)] 1.5 and [(c) and (d)] 0.5 kHz.

IV. SIMULATION RESULTS

A low-SF flux observer and a Volt–second-based torque
inverse model are proposed in Sections II and III, respectively,
to improve DB-DTFC performance at low SFs. The main foci
of this section are to evaluate the effectiveness of the low-SF
DB-DTFC and to compare it to its high-SF counterpart with the
aforementioned approximations. Note that DB-DTFC perfor-
mance relies on accurate estimates of flux linkages from the flux
observer and a proper torque model to solve for the Volt–second
vectors for each switching interval. In simulation, an induction
machine with key parameters provided in Appendix I is used.

A. Flux Observer Evaluation

In order to give a fair comparison of the proposed low-SF
flux observer to the existing one with high-SF approximations,
the following concerns are provided.

First, machine physical parameters have been assumed ideal
in this part of evaluation, to exclude tracking error caused
by parameter sensitivity. Second, the flux feedback used for
the DB-DTFC algorithm is “real flux” from an ideal machine
model, so that the effects from flux observer modeling can be
separated. Third, a definition of flux estimation error has been
given in the following as an indicator for evaluation:

Flux Estimation Error =

∣∣∣
∣∣∣λ∧

qds

∣∣∣− |λqds|
∣∣∣

|λqds|
× 100%. (28)

Flux estimation errors are demonstrated in Fig. 5, for a wide
operating range at SFs of 1.5 and 0.5 kHz, with a rated flux that
is commanded. The z-axis of each plot indicates flux estimation
errors generated by using either flux observers at different
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Fig. 6. Torque production errors in simulation using the high- or low-SF torque
model at rated flux. (a) and (b) Switching at 1.5 kHz. (c) and (d) Switching at
0.5 kHz.

operating conditions. At both SFs, estimation errors caused by
the low-SF flux observer can be reduced by upgrading to the
proposed low-SF flux observer. In terms of estimation accuracy
improvement, the benefits of using the low-SF flux observer are
more significant at 0.5 kHz compared to the case at 1.5 kHz.

B. Torque Model Evaluation

A similar approach can be applied to evaluate the proposed
low-SF Volt–second-based torque inverse model. A definition
of torque production error is given in (29). To prevent unrea-
sonable value at low torque region, rated torque is used as a
base value

Torque Error =
|Te − T ∗

e |
Terated

× 100%. (29)

Torque control errors using either the high or low-SF torque
inverse model are provided in Fig. 6. It is the true flux link-
age, instead of estimate values, that is used for DB-DTFC
control law computation. Therefore, no effect of flux observer
is involved, and torque errors are entirely originated from
torque inverse model. In addition, ideal machine physical pa-
rameters are used to eliminate possible errors from parameter
sensitivity.

The height of surfaces in Fig. 6 indicates the torque tracking
errors. At an SF of 1.5 kHz, the torque control errors by using
either torque models are acceptably small, and torque accuracy
is within 5% region, which is fairly acceptable. In contrast,
very significant torque control errors are observed at 0.5 kHz
SF with the high-SF model, particularly at high speed. By
using the proposed low-SF torque model, improvements are
demonstrated in Fig. 6(d).

Fig. 7. Deadbeat torque and flux responses in simulation using low-SF model
at rated speed and an SF of 1.5 kHz.

C. Transient Performance

Transient performance using the proposed low-SF model has
also been evaluated in simulation. From Fig. 7(a) and (b), the
estimated torque and flux values track the real torque and flux
quantities quite precisely (nearly overlaid), with step torque and
flux command at rated speed. With accurate parameters, the
proposed flux observer yields torque and flux estimates that are
close to the actual values, in both steady state and transients.

D. Parameter Sensitivity

For the existing DB-DTFC flux observer and torque model,
the authors in [21] have provided a thorough analysis of its
sensitivity to physical parameters. Key conclusions are that
DB-DTFC control law demonstrates superior parameter insen-
sitivity compared to standard IFOC drives, particularly at high-
speed operation.

For the proposed low-SF DB-DTFC models, parameter sen-
sitivity is analyzed following similar approaches used in [21].
The estimation accuracy of the proposed low-SF flux observer
is shown in Fig. 8. As stated in [10] and [21], the current model
is relatively sensitive to rotor resistance at high speed while the
voltage model is more sensitive to stator resistance at low speed.
By combining the two models with a smooth transition, the
whole model demonstrates reduced sensitivity to parameters.
Overall, the estimation accuracy of the proposed low-SF flux
observer is comparable to the results in [10] and [21]. At low
speed, the low-SF flux observer is relatively sensitive to rotor
resistance and magnetizing inductance.

Parameter sensitivity evaluation on the proposed low-SF
DB-DTFC torque model is provided in Fig. 9. Real flux linkage
from machine model in simulation is used as feedback so that
the parameter sensitivity on the flux observer has no impact on
torque model evaluation. Observed from Fig. 9, the proposed
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Fig. 8. Estimation accuracy of the proposed low-SF flux observer with
intentionally detuned parameters, at rated slip frequency.

Fig. 9. Parameter sensitivity analysis of the proposed low-SF torque model
with real flux as feedback. Rated flux condition. (a) 150% stator resistance.
(b) 150% rotor resistance. (c) 150% magnetizing inductance. (d) 150% leakage
inductance.

low-SF torque model keeps torque tracking error within 10%
when stator/rotor resistance or magnetizing inductance is de-
tuned by 50%. The most sensitive physical parameter appears
to be leakage inductance.

By using the flux estimates from the low-SF model, the
overall torque accuracy of the proposed DB-DTFC solution is
demonstrated in Fig. 10, with the detuned parameter effects. At
high speed, the system shows good parameter insensitivity to all
detuned parameters, since the voltage model in the flux observer
dominates and provides parameter-insensitive flux estimates.
While at low speed, the detuned rotor resistance and magne-

Fig. 10. Parameter sensitivity analysis of the proposed low-SF torque model
with flux estimates from the proposed flux observer. Rated flux condition.
(a) 150% stator resistance. (b) 150% rotor resistance. (c) 150% magnetizing
inductance. (d) 150% leakage inductance.

Fig. 11. Maximum deadbeat torque change at various SFs, at rated flux.
DC bus voltage: 330 V.

tizing inductance values degrade the torque control accuracy.
Since the proposed low-SF models are enhanced based on the
existing DB-DTFC drives, it is not surprising to observe similar
parameter sensitivity properties to the ones shown in [21].

E. Low-SF DB-DTFC Properties

Since the Volt–second vector on the inverter is the true
manipulated input of DB-DTFC, the maximum Volt–second
that the inverter can provide gives physical limitation of how
significant torque can be changed at a particular speed. Consid-
ering the same dc bus value, the size of Volt–second hexagon is
linear to its switching length. In other words, switching at lower
frequencies makes it possible to have a more significant torque
change over one switching period.

The maximum deadbeat torque transition at different speeds
has been evaluated for various SFs and demonstrated in Fig. 11.
With an increasing range of Volt–second vector provided by the
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Fig. 12. Overall system block diagram of low-SF DB-DTFC.

inverter, a more significant deadbeat torque change is possible.
For each particular SF, the maximum deadbeat torque change
capability is generally reduced when speed is increasing, in
which case higher voltages are required. At 0.5-kHz SF, the ma-
chine maximum torque is able to be achieved over one SF. With
the possibility provided by low-SF DB-DTFC, it should also be
noted that such significant torque change is not always favor-
able, particularly considering the effects on mechanical system.

V. EXPERIMENTAL EVALUATION

A. Experimental Setup

The dynamometer setup used for experimental evaluation
includes two identical 3.7-kW induction machines with rigid
coupling. Physical parameters are provided in Appendix I. The
machine on the motoring side is driven by DB-DTFC on a
standard two-level inverter while a commercial V/F controlled
drive is used to emulate the load characteristics.

An overall system diagram, including a low-SF flux observer
and a low-SF torque model, is provided in Fig. 12. Blocks
marked in yellow indicate the enhancement for low-SF DB-
DTFC applications. Two phase currents are measured by LEM
current sensors, filtered using antialiasing filters and sampled
in the center of each switching period. The sampling frequency
is synchronized with the SF. Nonideal effects on inverters, due
to dead time and voltage drop on semiconductors, have been
compensated using an experimental determined lookup table.
Thus, torque and flux control errors from current measurement
and/or inverter nonlinearity are not significant issues.

The symmetrical and asymmetrical PWMs provide compa-
rable steady-state torque and flux control performance. At the
torque change transient, a more accurate current estimate of the
average value over the switching period can be obtained using
symmetrical PWM, by sampling once at the center of the carrier
waveform. The accuracy of current sampling measurement af-
fects transient flux estimation accuracy. While the asymmetrical

PWM provides faster dynamic properties, it requires more
current samples in order to achieve an accurate average current
estimate. For the following experimental results, symmetrical
PWM voltage modulation is in use.

Torque sensor and flux sensors are not installed on the
dynamometer. Real torque and flux linkage are not able to
be measured and compared to their estimated values directly.
However, control accuracy of torque and flux can still be
indirectly evaluated. As stated before, a commercial drive is
used in torque mode to emulate load properties. For accurate
torque and flux control at steady-state operation, the DB-DTFC
torque command, which is the output of motion controller,
should be nearly same as the torque command on the load side,
with consideration of mechanical damping and friction. The
estimated torque should track the DB-DTFC torque command.
By maintaining the same load, torque commands and torque
estimates should be consistent and virtually without change,
when the stator flux command is varying. In terms of transient
performance, it is difficult to measure the actual torque and flux
precisely in experiment. Instead, the simulation results in Fig. 7
show good tracking performance of the estimated values from
observer, when ideal parameters and ideal voltage modulation
are assumed.

Possible parameter errors and unmodeled dynamics includ-
ing saturation effects result in torque and flux estimation and
tracking inaccuracy. In addition to steady-state errors shown in
Section IV-C, transient properties of torque and flux deadbeat
tracking performance also degrade. However, as it is stated in
[21] and discussed in the previous section, DB-DTFC is ex-
pected to be less sensitive to physical parameters than standard
IFOC drive, particularly at medium and high speeds. In order
to achieve a fair comparison, experimental evaluation is carried
out at medium- and high-speed regions and carefully controlled
from the saturation region. Moreover, it has been found in [16]–
[19] and also explored in Section IV that those fast switching
approximations are less accurate at high speed.
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Fig. 13. Deadbeat torque responses in experiments using either the high- or
low-SF model at SFs of (a) 1.5 and (b) 0.5 kHz. Operating at 0.5 per unit
(p.u.) speed.

B. Experimental Results

A deadbeat torque response has been experimentally eval-
uated on the aforementioned test bench, and the results are
provided in Fig. 13(a) and (b) for SFs of 1.5 and 0.5 kHz,
respectively. At an SF of 1.5 kHz, both high- and low-SF mod-
els exhibit good performance. The one using low-SF models
provides nearly deadbeat response while the performance of
the one using the high-SF counterpart degrades at the transients
but still acceptable. The existing DB-DTFC models with high-
SF approximations work adequately at 1.5-kHz SF, which is
also expected from the simulation results in Figs. 5 and 6. The
results are not related to the magnitude of the torque command
but to the SF.

For operating at lower SF such as 0.5 kHz, however, the
one using high-SF flux observer and torque inverse model
apparently shows poor transient dynamics as well as steady-
state errors. On the other hand, the proposed low-SF model is
still able to provide the desired deadbeat performance in the
transients.

In addition to the deadbeat torque response, it is also known
that DB-DTFC is able to achieve a deadbeat response for stator
flux magnitude. More significantly, accurate and smooth air-
gap torque should still be produced while stator flux magnitude
varies. It can be seen in Fig. 14 that, at low SFs (e.g., 0.5 kHz),
torque production is not desired when high-SF flux observer
and torque inverse model are in use. The influence on torque
production from flux linkages is not properly modeled. On the
other hand, the torque responses with the use of low-SF models
show little influence from stator flux linkage, since the cross-
coupled system is recognized and properly modeled.

Fig. 14. Deadbeat flux responses in experiments using either high- or low-SF
models at an SF of 0.5 kHz. (a) Flux response. (b) Torque response. Operating
at 0.5 p.u. speed.

DB-DTFC provides intuitive graphical solutions to illustrate
how the control law works. The transients shown in Fig. 14 that
a step flux reference is given at time instant kT are graphically
interpreted in Fig. 15, by using either the high- or the low-SF
model. For Fig. 15(a), the Volt–second vector to achieve dead-
beat flux response is computed based on high-SF torque inverse
model, which involves the aforementioned approximations that
are not acceptable at low-SF operation. As a result, the torque
angle is shown at time instant (k + 1)T , which indicates that
undesired air-gap torque is produced at such no-load condition.
On the other hand, Fig. 15(b) shows the results that low-
SF models are in use. The Volt–second vector computed and
applied at time instant kT is more accurate to achieve deadbeat
flux response without affecting torque production. No torque
angle appears in the flux varying transients.

VI. SCALING TO HIGH-POWER INDUCTION MACHINES

From the analysis and discussion in the previous sections, the
performance of the low-SF DB-DTFC has been evaluated on a
3.7-kW induction machine. It is also important to investigate its
potential performance on high-power rating machines, which
are more likely to be operating at low SFs.

Several high-power induction machines are selected with
parameters given in Appendix II. Low-SF DB-DTFC models
are constructed based on the machine parameters provided.
The torque tracking accuracy of each machine is evaluated in
simulation, provided in Fig. 16.

The torque control errors of different machines demonstrate a
similar trend over the entire operating space, when the high-SF
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Fig. 15. Graphical solutions of deadbeat flux transients shown in Fig. 13, with either the (a) high- or (b) low-SF model in use.

models are in use. Note that the z-axis scales have been adjusted
for different machines. Similar to Fig. 8, the presented torque
errors can be largely reduced by using the proposed low-SF DB-
DTFC model. In addition, it can be observed that the lower SF
results in larger torque errors, by comparing Fig. 16(a), (b), and
(d). It is reasonable to expect more improvements by using the
proposed enhanced flux observer and torque model at a lower
SF. Furthermore, it is shown that torque errors are increasing
with the rising speed. By comparing IM2 and IM3 operating at
the same SF, more torque errors are shown in Fig. 16(c) at rated
operating conditions because the rated speed is higher.

Relationships between torque errors and SFs are provided in
Fig. 17, where an SF range from 0.5 to 3 kHz is covered by
using either the high- or low-SF models. It is noted that the
effects from SF is highly nonlinear. For all induction machines
under evaluations, the DB-DTFC torque control errors using the
high-SF model increase significantly when the SF is reduced to
1 kHz or even lower, shown in Fig. 17(a). The proposed low-
SF model is preferred for torque accuracy improvements, which
reduces errors to an acceptable level, shown in Fig. 17(b).

Based on the comparison of torque tracking errors provided
in Fig. 17, it is safe to conclude that, at an SF lower than
1 kHz, the proposed low-SF models should be used to keep
torque errors within an acceptable range. For an SF higher than
1.5 kHz, torque estimation and tracking error is not significant
even using the existing high-SF DB-DTFC models. In order to
reduce computation efforts, the existing models with high-SF
approximations are acceptable.

The proposed low-SF DB-DTFC model should be applicable
for any SFs for which the coefficients are calculated for. How-
ever, a couple of issues may limit its performance when SF is
further reduced. First, SF should be sufficiently high compared
with machine fundamental frequency, to provide acceptable
voltage modulation and harmonic content. Second, as stated in
modeling process in Sections II and III, the assumption that
shaft speed change is negligible over switching period should
be satisfied to maintain good performance of the low-SF DB-
DTFC. It is suggested that an SF at least ten times higher than
the machine fundamental frequency should be in use.

From the simulation results in Figs. 16 and 17, the proposed
low-SF models provide DB-DTFC solutions that are possible
to be implemented on high-power induction machines at very
low SFs. Further challenges to integrate DB-DTFC on large ma-
chines and achieve nearly ideal performance are associated with
inverter voltage modulation, which is beyond the scope of this
paper. Ongoing research to include voltage modulation for large
machines will be a significant focus for future publications.

VII. CONCLUSION

The key conclusions for this paper are summarized as follows.

1) The existing flux observer models work adequately at
high SFs, but the fast switching approximations embed-
ded are less accurate at low SFs, which lead to flux
estimation errors.
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Fig. 16. Torque production error evaluation in simulation for high-power rat-
ing induction machines listed in Appendix II, with rated flux at their used SFs.
(a) IM1 at 1.6 kHz. (b) IM2 at 0.8 kHz. (c) IM3 at 0.8 kHz. (d) IM4 at 0.5 kHz.

2) The proposed low-SF flux observer can be developed by
cross-solving the coupled stator flux linkage and stator
current differential equations in the discrete-time domain.
Flux estimation accuracy has been improved particularly
at low SFs.

3) The original Volt–second-based inverse torque model per-
forms well at high SFs. At low SFs, the torque derivative
is poorly approximated as the average rate of change of
torque over one switching period, which induces torque
production errors.

Fig. 17. Torque production errors at different SFs for induction machines at
rated operating conditions. (a) Using the high-SF models. (b) Using the low-SF
models.

TABLE I
TEST INDUCTION MACHINE PARAMETERS

TABLE II
HIGH-POWER INDUCTION MACHINE PARAMETERS

4) The proposed low-SF torque model can be integrated with
DB-DTFC, which minimizes the torque errors and pro-
motes drive performance with very little SF dependence.

5) The proposed low-SF flux observer and low-SF torque
model are also feasible to be integrated on high-power
induction machines.

APPENDIX I

See Table I.

APPENDIX II

See Table II.
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