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Abstract—In conventional direct torque controlled (DTC) per-
manent magnet synchronous motor drive, there is usually unde-
sired torque and flux ripple. The existing literature have proposed
some methods to reduce torque and flux ripple by optimizing the
duty ratio of the active vector. However, these methods are usually
complicated and parameter dependent. This paper first compares
the performances of three duty determination methods in detail
and then proposes a very simple but effective method to obtain the
duty ratio. The novel method is superior to the existing methods
in terms of simplicity and robustness. By appropriately arranging
the sequence of the vectors, the commutation frequency is reduced
effectively without performance degradation. To further improve
the performance of system, a low-pass filter-based voltage model
with compensations of amplitude and phase is employed to acquire
accurate stator flux estimation. The proposed scheme is able to re-
duce the torque and flux ripple significantly while maintaining the
simplicity and robustness of conventional DTC at the most. Simula-
tions and presented experimental results validate the effectiveness
of the proposed schemes in this paper.

Index Terms—AC motor drives, low-pass filters (LPFs), perma-
nent magnet synchronous motor (PMSM) drives, ripple reduction,
torque control.

I. INTRODUCTION

F IELD-ORIENTED control (FOC) and direct torque control
(DTC) are the two most popular methods for high perfor-

mance ac drives [1]. Compared to FOC, DTC can provide ex-
tremely high dynamic response with very simple structure, i.e.,
no need of rotary coordinate transformation, inner current regu-
lator, or pulsewidth modulation (PWM) block [1]–[4]. Because
of the merits of the earlier, recently DTC has been extended from
conventional induction motor (IM) drive to permanent magnet
synchronous motor (PMSM) drive [5], [6]. However, conven-
tional DTC employs two hysteresis comparators and a heuristic
switching table to obtain quick dynamic response, which causes
undesired torque and flux ripple, variable switching frequency,
and acoustic noises.
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In the past decades, numerous schemes have been proposed
to address these problems of conventional DTC. Many of them
[4]–[12] employ space vector modulation (SVM) to produce
continuous voltage vectors, which can adjust the torque and
flux more accurately and moderately, hence the torque and flux
ripples were reduced while obtaining fixed switching frequency.
Another merit of using SVM is that the sampling frequency does
not need to be as high as that in conventional DTC. Various
methods are proposed to obtain the commanding voltage vec-
tor, including deadbeat control [10], sliding mode control [8], PI
controller [9], etc. In the SVM-based DTC schemes, rotary co-
ordinate transformation is often needed [5]–[12], which is more
computationally intensive than the conventional DTC [13].

Another category of modified DTC does not need the SVM
block and all the calculations were implemented in stationary
coordinate, hence preserving the merits of conventional DTC.
Multilevel inverter was introduced to obtain more voltage vec-
tors [14], [15]; however, the hardware cost and system complex-
ity are increased. For two level inverter, more voltage vectors
can be synthesized by dividing one sampling period into several
intervals [1], thus a more accurate and complex switching table
can be constructed. In [1], the divided intervals are equal and
only for vector synthesis purpose. In other literature [16]–[19],
the intervals are obtained based on certain optimizations, differ-
ing in duration numbers. According to the principle of obtaining
the time durations, they can be classified as: analytical calcula-
tion based on torque ripple minimization [16], [17], equalizing
the torque with the reference value over one cycle [18] and
fuzzy logic adaptation [19]. These methods [16]–[19] achieve
excellent performance, but they are usually complicated and
rely much on the knowledge of motor parameters.

Recently, predictive control was introduced to achieve high
performance control [20]–[26]. This kind of method is similar
to DTC only in that they both directly manipulate the final
voltage vector. In [20], by evaluating the defined cost function
of each possible switching states, the one best satisfying the
performance requirement is selected. A three-level inverter-fed
DTC motor drive is presented in [21], which utilizes a predictive
horizon greater than one to obtain reduced switching frequency
while keeping torque, flux, and neutral point potential within
their respective hysteresis bands. Recently, the predictive torque
control has also been applied in synchronous reluctance motor
[27] and doubly fed IM [28].

The DTC requires the information of stator flux, which can
be easily obtained from the voltage model by integrating the
back electromotive force behind the stator resistance. However,
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in practical digital implementation, pure integration usually suf-
fers from the dc drift and initial value [29]–[33]. To overcome
the problems of pure integration, low-pass filter (LPF) was pro-
posed to replace pure integration [29]. This causes errors in both
magnitude and phase when the motor frequency is lower than
the cutoff frequency, so compensation is necessary. The com-
pensation method in [30] requires twice transformation and/or
incorporation of PI, increasing the system complexity. Other
method employs cascaded programmable LPF [31] to improve
the accuracy of LPF; however, its dynamic performance is rela-
tively poor [32] and the computation complexity is increased. In
fact, the accuracy of LPF can be significantly improved by com-
pensating the phase and amplitude errors [33] directly, which
is simple and will be employed in this paper to provide accu-
rate stator flux estimation. There are also other kinds of flux
estimators or observers based on the model of machine [34].
By introducing the feedback of current errors, the observers
present better robustness, accuracy, and dynamic performance.
However, they are very complex and negates the merits of sim-
plicity in DTC, so they are not discussed here.

In this paper, after comparing three kinds of methods of ob-
taining the duty ratio of the active vector, a simple yet effective
method will be proposed to decrease the complexity and elim-
inate the parameter dependence while achieving excellent per-
formance. All calculations are implemented in stationary frame
and no rotary coordinate transformation is needed, hence pre-
serving the simplicity of conventional DTC. The commutation
frequency can be reduced effectively by appropriately arrang-
ing the vector sequence during one cycle while maintaining the
performance of torque and flux. An LPF-based voltage model
with compensation is used to obtain accurate stator flux esti-
mation, which only requires the knowledge of stator resistance
and can be easily implemented. It is the aim of this paper to
reduce the torque and flux ripple and commutation frequency
while preserving the structure simplicity as much as possible.
The proposed scheme is simulated and experimentally verified
on a two-level inverter-fed PMSM drive.

II. MODEL OF PMSM

A. Machine Equations

For PMSM, the model in rotor synchronous coordinate is
the most popular, because all the parameters become constant.
The machine equations of a PMSM in synchronous frame are
expressed as follows (the components indicated by dq)

ud = Rsid +
dψd

dt
− ωψq (1)

uq = Rsiq +
dψq

dt
+ ωψd (2)

ψd = Ldid + ψf (3)

ψq = Lq iq (4)

where
Rs stator resistance
Ld, Lq d-axis and q-axis inductance
ψf permanent magnet flux

ψd, ψq d-axis and q-axis stator flux
ud, uq d-axis and q-axis stator voltage
id , iq d-axis and q-axis stator current
ω electrical rotor speed
and the torque is expressed as

Te =
3
2
p (ψdiq − ψq id) (5)

where p is the number of pole pairs.
For the DTC PMSM drive, stationary frame is preferred to

avoid complex rotary coordinate transformation. By translat-
ing the machine equations from synchronous dq coordinate to
stationary αβ coordinate, we get

uα = Rsiα +
dψα

dt
(6)

uβ = Rsiβ +
dψβ

dt
(7)

ψα = Lαiα + Lαβ iβ + ψf cos θe (8)

ψβ = Lαβ iα + Lβ iβ + ψf sin θe (9)

where Lα = ΣL + ΔL cos 2θe , Lβ = ΣL − ΔL cos 2θe ,
Lαβ = ΔL sin 2θe , ΣL = (Ld + Lq ) /2, ΔL = (Ld − Lq ) /2,
and θe is the electrical rotor angle. It is seen that the expressions
of inductance are complex.

This can be further simplified if surface-mounted PMSM
(SPMSM) is addressed, where the d-axis and q-axis inductance
are equal to synchronous inductance Ls , i.e., Ld = Lq = Ls . In
that case, the SPMSM equations can be expressed using com-
plex vectors as

us = Rsis +
dψs

dt
(10)

ψs = Lsis + ψr (11)

where ψr = ψf ejθe and the torque in stationary frame is ex-
pressed as

Te =
3
2
pψs ⊗ is =

3
2
p (ψαiβ − ψβ iα ) . (12)

B. Effects of Voltage on Torque

For voltage source inverter-fed DTC, the voltage vector is the
sole controllable input variable, so it is desirable to analytically
derive the relationship between the torque and voltage vector.
From (10) and (11), we can get

Ls
dis

dt
= us − Rsis − jωψr. (13)

From (12), the torque differentiation with respect to time t is

dTe

dt
=

3
2
p

(
dψs

dt
⊗ is +

dis

dt
⊗ ψs

)
. (14)

Substitute (10), (11), and (13) into (14) and omit the tedious
derivation process, the final torque differentiation is

Ls
dTe

dt
= −RsTe −

3
2
pωψr � ψs +

3
2
pψr ⊗ us

= ΔTe1 + ΔTe2 + ΔTe3 . (15)
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Fig. 1. Method I of duty decision.

It is seen from (15) that the torque differentiation is composed
of three parts, just similar to the case in IM [16]. The first part
ΔTe1 is always negative with respect to Te ; the second part is
also negative and proportional to rotor speed; the last term is
the positive one and it reflects the effect of stator voltage on Te .
When zero voltage vector is selected, the torque differentiation
becomes

Ls
dTe

dt
= −RsTe −

3
2
pωψr � ψs (16)

so the zero voltage vector always decreases the torque.
In conventional DTC, the hysteresis comparator fails to dif-

ferentiate the amplitude of flux and torque errors, and the vector
selected from the switching table works during the whole pe-
riod. In many cases, it is not necessary for the selected vector
to work for the entire period to meet the performance require-
ment of torque and flux, and this is the main reason for large
torque ripple. By introducing zero vector during one sampling
period, the effects of voltage on torque can be adjusted to be
more moderate, hence diminishing the ripples in torque.

III. OVERVIEW OF DUTY RATIO DETERMINATION METHODS

A. Basic Principle

From (15), it is seen that the torque can be changed by ad-
justing the amplitude and time duration of us. The amplitude
is decided by the dc bus voltage and is usually fixed, while the
time duration of us can be varied from zero to the whole period,
which is equivalent to changing the voltage vector length. The
null vector only decreases the torque, as shown in (16), while
appropriate nonzero vector can increase the torque, so it is pos-
sible to employ both zero vector and nonzero vector during one
cycle to reduce the torque ripple. In this paper, the appropriate
nonzero vector is also referred as “active vector.” The key point
is how to decide the time duration of the two vectors, or the duty
ratio of the active vector.

B. Classical Duty Determination Methods

There are three classical methods to determine the duty ratio,
as illustrated in Figs. 1–3, which were initially developed for
IM DTC drive.

Fig. 2. Method II of duty decision.

Fig. 3. Method III of duty decision.

The method I aims to make the instantaneous torque equal
with the reference value at the end of the cycle, acting in a
deadbeat fashion. This concept was originally developed in [35]
in stationary coordinate and then revisited in synchronous stator
flux coordinate in [10]. A quadratic equation has to be solved
to find the optimal duty in [35] and the result is complex. In
this paper, a simplified deadbeat control is proposed, which
mainly focuses on the torque. The principle of method I can be
expressed as

Te(k + 1) = T ∗
e . (17)

It is the aim of method II to make the mean torque equal to the
reference value over the entire cycle, as shown in (18). This kind
of method is called direct mean torque control in [18] and [36].

1
tsp

∫ (k+1)ts p

kts p

(Te − T ∗
e ) dt = 0. (18)

The method III aims to make the torque ripple RMS value
over one cycle to be minimal [16], and the principle is expressed
as

1
tsp

∫ (k+1)ts p

kts p

(Te − T ∗
e )2 dt → min. (19)

Suppose the rising slope s1 and falling slope s2 of the instan-
taneous torque are known for the active vector and null vector,
which are indicated by (15) and (16), respectively. During a
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small sampling period tsp , slopes s1 and s2 can be considered
to be constant because the dynamics of flux and speed are not
fast [16]. Under this assumption, the time duration of the active
vector for the three kinds of methods can be obtained by solving
the (17) to (19) as

d1tsp =
T ∗

e − T0 − s2tsp
s1 − s2

(20)

d2tsp = tsp −
√

tsp
s1 − s2

(2 (T0 − T ∗
e ) + s1tsp) (21)

d3tsp =
2 (T ∗

e − T0) − s2tsp
2s1 − s2

(22)

where T0 indicates the initial torque value at kth sampling in-
stant; d1 , d2 , and d3 are the duty ratios of the active vector for
method I, II, and III, respectively.

C. In-Depth Analysis and Consideration
of the Existing Methods

The three duty determination methods in (20)–(22) have very
different forms; however, they are all reported to have better
performance when compared to conventional DTC, validating
the fact the torque ripple in DTC can be reduced effectively
by introducing zero voltage vector. Apart from the analytical
methods, these is another method, which uses fuzzy logic adap-
tive method to obtain the duty ratio, as introduced in [19]. It
is also reported in [19] that the torque ripple is reduced ef-
fectively when compared to classical DTC. The various forms
of analytical methods in (20)–(22) and the fuzzy logic based
method in [19] enlighten people to consider that it may not be
very important how the duty determination is obtained, but the
important matter is that zero vector should be ensured.

Although there are various methods in obtaining the duty
ratio, so far no comparative study of these methods in terms
of torque ripple has been reported. Also, the influence of mo-
tor parameter mismatch was not investigated in the literature.
It would be interesting to evaluate the performances of these
methods comparatively.

IV. PROPOSED DTC SCHEME

A. Principle of Proposed Duty Determination Method

The prior arts in (20)–(22) are complicated and parameter de-
pendent. To eliminate these drawbacks, it is desirable to develop
a method, which is simple to implement and robust to parameter
variations while reducing the torque ripple. The diversity in the
duty expression enlightens us that the parameter-dependent co-
efficients in (20)–(22) may be eliminated by keeping them con-
stant without significantly degrading the performance of torque
ripple reduction. Otherwise, it is not easy to explain how can
all various methods achieve reduced torque ripple irrespective
of the specific duty expression. In other word, the fact that us-
ing zero vector can reduce the torque ripple has been widely
acknowledged, but there seems no unified answer to the duty
determination. In this paper, a novel method to obtain the duty

ratio will be proposed, which eliminates the complexity and
parameter dependence as in (20)–(22).

Before giving the novel duty determination method, let us
first revisit the duty in (20), which can be rewritten as

d1 =
T ∗

e − T0 − s2tsp
(s1 − s2)tsp

=
T ∗

e − T0

(s1 − s2)tsp
+

−s2

s1 − s2
. (23)

The first term in (23) is proportional to the torque error and the
second term is proportional to the falling slope s2 of torque.
To eliminate the parameter dependence, we can assume that
the denominator (s1 − s2)tsp is constant. However, the second
term in (23) related to s2 is still very complex and parameter
dependent, as indicated by (16). Notice that falling slope s2 of
torque is caused by a null vector, which is responsible for the
decrease in stator flux, it would be natural to make the second
term proportional to flux error. Considering the fact that the duty
is nonnegative, the final expression of the devised parameter-
independent duty ratio is

d =
∣∣∣∣ET

CT

∣∣∣∣ +
∣∣∣∣Eψ

Cψ

∣∣∣∣ =
∣∣∣∣T

∗
e − T0

CT

∣∣∣∣ +
∣∣∣∣ψ

∗
s − ψ0

Cψ

∣∣∣∣ (24)

where T ∗
e and ψ∗

s are the reference values for torque and stator
flux, respectively; ψ0 is the stator flux at the kth sampling in-
stant; and CT and Cψ are two positive constants. By using fixed
constants for CT and Cψ , it is expected that the novel method
will be less affected by the disturbances in calculating the torque
slope. The tuning of CT and Cψ is a tradeoff between dynamic
response and steady-state performance. Larger value of CT and
Cψ will produce less torque and flux ripples, but the dynamic
performance is degraded. Extensive simulation and experimen-
tal results tell that permanent flux and half-rated torque provides
a good starting point for Cψ and CT to achieve good compro-
mise between steady and dynamic performance. Nevertheless,
it is found that the variations of them do not cause significant
difference in the system performance, as shown in Section VII.

B. Theoretical Analysis and Comparison With Other Methods

Simplicity is the first merit of the proposed method when
compared to prior methods. It is seen that (24) is much simpler
than those in (20)–(22), requiring only twice sums and multipli-
cations. On the contrary, the equations in (20)–(22) are obtained
through analytical methods, which are complex in expressions
and computational intensive, even requiring square root function
in (21).

Robustness against motor parameter mismatch is the second
merit of the proposed method. For the prior arts in (20)–(22),
the torque slope shown in (15) and (16) are needed to fulfill
the duty determination, which requires the information of stator
resistance, d-axis and q-axis inductance, PM flux and rotor posi-
tion. For the proposed method, no additional motor parameters
are needed to obtain the duty ratio, so it should be less affected
by the variations in motor parameters than other methods.

Apart from the motor parameter robustness, the proposed
method is less affected by the one-step digital delay than other
methods. It is well known that in practical digital implementa-
tion, the voltage vector is usually applied during the next period,
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i.e., the voltage is decided at kth sampling instant, but it is not
applied until the (k + 1) th sampling instant [20], [23], [24]. To
eliminate this delay, the torque and flux at (k + 1) th sampling
instant should be employed to decide the active vector, which
will be subsequently used to calculate the torque slope and then
the duty ratio in prior arts. For conventional DTC, by compen-
sating the one-step delay, better performance in terms of torque
and flux ripples as well as increased commutation frequency
can be obtained. For the novel method, the influence of one-
step delay is similar to that in conventional DTC, because only
stator flux and torque are involved in the implementation. For
prior arts, the influence of one-step delay is more serious, be-
cause the active vector is employed in the calculation of torque
slope, which will affect the duty ratio implementation. In the
early literature of [18] for method II in (21), the torque slope
is obtained by using the value at the last cycle, which does not
compensate the one-step delay, and it is reported that this al-
gorithm is best suited for lower speed. In this paper, it will be
shown by compensating the one-step delay, better performance
can be obtained for prior arts.

The fourth merit of the proposed method is that it is insensitive
to the exchange in the switching sequence of active vector and
null vector. In the prior arts in (20)–(22), it is assumed that the
active vector will be applied first followed by the null vector.
However, this limitation does not exist in the proposed method,
because the duty ratio is not binding to the vector switching
sequence. The possible benefit from the exchange in switching
sequence is that the commutation frequency can be reduced,
which leads to a decrease in switching losses. This issue will
be studied in this paper for the novel method in (24) as well as
prior arts in (20)–(22).

Regarding steady performance in terms of torque and flux
ripples, it is not easy to give a direct comparison between the
proposed method and prior arts. Furthermore, it may be not even
possible for the direct comparison among the prior arts, even if
they are analytically obtained. The main difficulty comes from
the initial torque T0 in (20)–(22), which increases the com-
plexity when substituting the duty ratios into the expression of
torque ripple. Even if method III aims to minimize the torque
ripple during one cycle, it may not be easy to assert that method
III will surely present the lowest torque ripple among these
methods, because T0 is unknown, not to mention considering
other factors, such as one-step delay in digital implementation.
It seems that the comparisons of these methods in terms of toque
ripple reduction may be only achieved through computer simu-
lation and experimental validation. In this paper, these methods
will be comparatively investigated through simulations, and a
comprehensive conclusion is drawn to summarize the results.

V. STATOR FLUX ESTIMATION

In DTC, the voltage model in (10) is preferred because it
requires less parameters than the current model. In practical
digital implementation, the pure integration in (10) is sensitive
to dc drift in the input. A very natural method is incorporating a
high-pass filter (HPF) behind the pure integrator. This is equiv-
alent to an LPF. Although the introduction of HPF eliminates

Fig. 4. LPF with compensation.

the dc drift, it brings errors in both magnitude and phase. The
phase error between the pure integrator and LPF in steady state
of sine waveform is

Δθ = arctan
ωe

ωc
− π

2
= − arctan

ωc

ωe
(25)

and the amplitude error is

ΔG =

√
ω2

e + ω2
c

ωe
(26)

where ωe is the synchronous frequency of stator flux and ωc is
the cutoff frequency of the LPF. To eliminate the steady-state
errors caused by the LPF, a compensation term is needed, i.e.,

G = ΔG × eΔθ =

√
ω2

e + ω2
c

ωe
e− arctan ω c

ω e = 1 +
ωc

jωe
. (27)

The cutoff frequency ωc should be selected carefully, because
big error will be produced when the motor frequency is lower
than the cutoff frequency. However, very low cutoff frequency
will degrade the effectiveness of eliminating the dc component.
It is better to set the cutoff frequency proportional to the syn-
chronous frequency ωe , i.e., ωc = kωe . The typical range of k
is between 0.1 and 0.5 [33]. The synchronous frequency ωe can
be calculated from the stator flux vector as

ωe =
ψs ⊗ pψs

‖ψs‖2 =
ψα (uβ − Rsiβ ) − ψβ (uα − Rsiα )

ψ2
α + ψ2

β

.

(28)
The whole diagram of the LPF with compensation is illustrated
in Fig. 4. The compensation is carried out before the LPF com-
ponent to improve the dynamic performance [33]. The effec-
tiveness of the LPF-based voltage model with compensation is
illustrated in Fig. 5, where the motor is started from standstill to
1000 r/m. It is seen that the LPF with compensation exhibits ex-
cellent performances in both dynamic response and steady-state
accuracy.

VI. COMPARATIVE STUDY OF DUTY

DETERMINATION METHODS

So far, no comparative study of the various duty determi-
nation methods have been reported in the literature. In this
section, the three classical methods and the proposed methods
will be comparatively investigated using MATLAB/Simulink
from four aspects: steady response without commutation fre-
quency reduction, steady response with commutation frequency
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Fig. 5. Stator flux estimation using LPF with compensation.

TABLE I
MOTOR AND SYSTEM PARAMETERS

Fig. 6. Block diagram of proposed DTC.

reduction, steady response with one-step delay, and steady re-
sponse with motor parameter mismatches. All results are ob-
tained from one operation point of 1000 r/m (50% rated speed)
without load. The sampling frequency is 10 kHz for all the meth-
ods, unless explicitly indicated. The parameters of motor and
control system are listed in Table I. The system diagram for the
duty-based DTC is illustrated in Fig. 6.

A. Implementation for the Duty-Based DTC

The implementation process is the same for methods I–III
and the proposed method. The only difference is in the duty-
determination methods, i.e., how the duty is obtained, which has
been indicated in (20), (21), (22), and (24). The whole process
can be simplified as three stages: active vector selection, duty

determination, and vector output. The active vector is selected
from the conventional DTC switching table in [37]. The signs of
flux and torque error, εψ and εT , are obtained from the hysteresis
comparators with zero bandwidth. After obtaining the active
vector and its duty ratio, the final output vectors in the next
cycle are determined. The whole implementation process can
be described as follows.

1) The active voltage vector is selected from the switching
table in conventional DTC according to the signs of torque
and flux errors.

2) For the proposed method, the duty ratio can be obtained
directly from (24). For other methods, the rising slope s1
and s2 should be first calculated using (15) and (16), and
then the duty can be obtained from (20) to (22).

3) In normal cases, the active vector will be first applied over
the duration decided by (20), (21), (22), and (24) and then
switched to the appropriate null vector for the rest time of
the period. The appropriate null vector means that vectors
“100,” “010,” and “001” will be followed by “000,” while
other vectors followed by “111.” If the commutation fre-
quency reduction is considered, the sequence of the active
vector and the null vector will be decided by the switching
state of the vector at the end of the last cycle. For example,
if the vectors during the last cycle are “100” and “000”
with “000” at the end, and the vectors to be applied in the
next cycle are “001” and “000,” in that case, “000” instead
of “001” will be applied first to decrease the commutation
frequency.

4) The duty ratio calculated from (20), (21), (22), and (24)
should not be higher than 1, otherwise the active vector
should be applied during the whole period. For method
I to III, the duty calculated from (20) to (22) may also
be negative. In the early paper [16], it is suggested that
only the active vector be applied, because the torque is not
in the steady state. However, the negative duty normally
means the active vector is undesirable. In that case, the
null vector should be more appropriate. The improvement
in steady state by using null vector in the case of negative
duty for method I to III has been verified by simulations
and is adopted in this paper.

5) At the next cycle, the earlier process is repeated.

B. Steady Response Without Commutation
Frequency Reduction

First, the steady response in terms of torque and flux rip-
ples without considering commutation frequency reduction will
be presented, i.e., in all methods, active vector will always be
applied first followed by the appropriate null vector. Figs. 7–9
present the steady responses for conventional DTC, method I
and II, method III, and the proposed method, respectively. From
top to bottom, the curves shown in Figs. 7–9 are the duty ratios
of the active vector, stator flux, and torque. It is seen that if
no delay is considered, the commutation frequency of the basic
DTC is comparable with other methods, but its torque ripple is
much bigger than others. Best performance in terms of flux rip-
ple can be observed for the proposed method, while the lowest
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Fig. 7. Steady response of duty, stator flux, and torque for conventional DTC.

Fig. 8. Steady response of duty, stator flux, and torque for method I and II.

torque ripple is achieved by method III followed by method I
and II. The torque ripple of the proposed method is relatively
large when compared to other duty methods. There are irregular
oscillations in the duties of method I to III, which is caused by
the calculation of torque slope. On the contrary, the oscillation
in the duty of the proposed method is very small and regular,
which benefits from the constant value of CT and Cψ . Simi-
lar conclusions are obtained when changing the operation point
with or without load. Due to the limit of pages, they are not
listed here.

The quantitative results in terms of torque ripple Trip , flux
ripple ψrip , and commutation frequency fav are summarized
in Table II. Torque and flux ripples are calculated using the
following equations:

Trip =

√√√√ 1
N

N∑
i=1

(Te (i) − Tav)2 (29)

ψrip =

√√√√ 1
N

N∑
i=1

(ψs (i) − ψav)2 (30)

Fig. 9. Steady response of duty, stator flux, and torque for method III and
novel method.

TABLE II
STEADY RESPONSES FOR VARIOUS METHODS

where N is the sampling number and Tav and ψav are the
average value of torque and stator flux, respectively. The average
commutation frequency fav is calculated by counting the total
commutation instants of a phase leg during a fixed period, e.g.,
0.1 s in this paper.

C. Steady Response With Commutation Frequency Reduction

In this part, the steady responses for each method, consid-
ering the commutation frequency reduction introduced in the
implementation part, are presented in Figs. 10 and 11. To obtain
similar commutation frequency to other method, the result of the
proposed method under 8 kHz sampling frequency is presented
in Fig. 12. Table III summarizes the quantitative index of vari-
ous methods. For the conventional DTC, there is no difference
because only the nonzero vector is applied during one cycle. Un-
der the condition of 10 kHz sampling frequency, the reductions
in the commutation frequency are 35.11%, 28.21%, 27.48%,
and 20.14% for method I, II, III, and the proposed method, re-
spectively. There is very little difference in the flux ripples of
all methods when compared to the prior results without com-
mutation frequency reduction, but the torque ripples are much
increased for method I–III. The proposed method still exhibits
the lowest flux and duty ripples, and its torque ripple is now
only larger than that of method III. Furthermore, it is seen from
Fig. 12 that the performance of the proposed method is only
slightly deteriorated when the sampling frequency is decreased
from 10 to 8 kHz, showing strong robustness to the change in
sampling frequency.
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Fig. 10. Steady response of duty, stator flux, and torque for method I and II
with reduced commutation frequency.

Fig. 11. Steady response of duty, stator flux, and torque for method III and
the proposed method with reduced commutation frequency.

Fig. 12. Steady response of duty, stator flux, and torque for the proposed
method with reduced commutation frequency (8 kHz sampling frequency).

TABLE III
STEADY RESPONSES WITH REDUCED COMMUTATION FREQUENCY

Fig. 13. Steady response of duty, stator flux, and torque for conventional DTC
and method I with one-step delay.

D. Influence of One-Step Delay

The earlier results are obtained under the assumption of ideal
condition, i.e., there is no one-step delay. In this section, we will
compare the performance of each method under nonideal condi-
tion, i.e., with one-step delay caused by digital implementation.

Figs. 13–15 present the steady responses with one-step delay
for conventional DTC and other duty-based methods. To achieve
similar commutation frequency, the results of the proposed DTC
under 7.5 kHz sampling frequency is also presented in Fig. 15.
It is seen that for conventional DTC and method I–III, the torque
and flux ripples are increased significantly when compared to
the ideal cases in Figs. 7–9, which indicates that they suffer
heavily from the one-step delay. There are large oscillations in
the duty ratios of method I–III, although they still present better
torque and flux performance than that of conventional DTC. On
the contrary, the performance deterioration is insignificant for
the proposed method in Fig. 15, exhibiting strong robustness.
The quantitative index are shown in Table IV. With one-step
delay, the average commutation frequency is also reduced sig-
nificantly for basic DTC and method I–III, while the commuta-
tion frequency of the proposed method is only slightly reduced.
The proposed method exhibits the best performances in terms
of torque and flux ripple, even when the sampling frequency is
decreased to 7.5 kHz.

Apart from the results with one-step delay, the performances
of all methods considering commutation frequency reduction
are also investigated, as shown in Figs. 16–17. To achieve sim-
ilar commutation frequency, the result of the proposed method
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Fig. 14. Steady response of duty, stator flux, and torque for method II and III
with one-step delay.

Fig. 15. Steady response of duty, stator flux, and torque for the proposed
method with one-step delay and different sampling frequency.

TABLE IV
STEADY RESPONSES WITH ONE-STEP DELAY

under 8 kHz sampling frequency is also presented in Fig. 18.
The quantitative index for each method are summarized in
Table V. It is seen that there is a further reduction in com-
mutation frequency, while the performance deterioration is al-
most negligible for all the methods. Under the condition of
10 kHz sampling frequency, the reductions in the commuta-
tion frequency are 25.56%, 21.63%, 30.26%, and 38.27% for
method I, II, III, and the proposed method, respectively, when
compared to the results in Table IV. For the sake of improving

Fig. 16. Steady response of duty, stator flux, and torque for method I and II
with one-step delay and commutation frequency reduction.

Fig. 17. Steady response of duty, stator flux, and torque for method III and the
proposed method with one-step delay and commutation frequency reduction.

TABLE V
STEADY RESPONSES WITH ONE-STEP DELAY AND REDUCED

COMMUTATION FREQUENCY

efficiency, it is suggested using the scheme of commutation fre-
quency reduction when one-step delay is not compensated for
the duty-based DTC methods.

E. Robustness Against Motor Parameter Mismatch

The robustness against motor parameter variations is tested
for the various methods, as shown in Figs. 19–21, where the sta-
tor resistance, inductance, and PM flux are all increased to 120%
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Fig. 18. Steady response of duty, stator flux, and torque for the proposed
method with one-step delay and commutation frequency reduction (8 kHz sam-
pling frequency).

Fig. 19. Steady response of duty, stator flux, and torque for conventional DTC
and method I with reduced commutation frequency and parameter mismatches.

of their respective nominal value. To achieve similar commuta-
tion frequency, the result of the proposed method under 8 kHz
sampling frequency is also presented in Fig. 21. The one-step
delay is not compensated and the commutation frequency re-
duction is considered for the tests. The simulation results reveal
that the performance deterioration of method I–III is insignif-
icant, except the flux ripple is increased. The torque ripple of
the proposed method is even smaller than that without parame-
ter mismatch in Table V. It can be said that each method shows
strong robustness against motor parameter variations, especially
for the proposed method. This is because the active vector is se-
lected from the same switching table as basic DTC, which only
considers the signs of torque and flux errors. The errors in am-
plitudes of torque and flux only affect the accuracy of duty
determination. The results are summarized in Table VI. Similar
results are observed for the ideal case without one-step delay,
which is not listed here due to the page limitation.

Fig. 20. Steady response of duty, stator flux, and torque for method II and III
with reduced commutation frequency and parameter mismatches.

Fig. 21. Steady response of duty, stator flux, and torque for the proposed
method with reduced commutation frequency and different sampling frequency.

TABLE VI
STEADY RESPONSES UNDER NONIDEAL CONDITION WITH REDUCED

COMMUTATION FREQUENCY AND MOTOR PARAMETER MISMATCH

F. Summary of the Comparative Study

From the results mentioned earlier, it is seen for conven-
tional DTC, the torque and flux ripples can be reduced, and the
commutation frequency is comparable with other methods by
compensating one-step delay. For the proposed method, its mer-
its can be summarized as: lowest flux and duty ripples in any
case, even with decreased sampling frequency; lowest torque
ripple under the condition of one-step delay; best robustness
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Fig. 22. Steady state response of stator flux and torque at 10% rated speed for
conventional DTC and the proposed DTC.

against commutation frequency reduction, parameter mismatch,
and sampling frequency change. The other methods have bet-
ter performance in terms of torque ripple under ideal condition
without one-step delay; their flux ripples are similar to that of
conventional DTC if one-step delay is not compensated, which
is in accordance with the conclusion in [16] for method III. Fur-
thermore, they are also insensitive to commutation frequency
reduction and parameter mismatch. The simulation results con-
firm the theoretical analysis in Section IV.

VII. EXPERIMENTAL RESULTS

The experimental tests were carried out to validate the effec-
tiveness of the proposed method. The whole diagram of system
is the same as that in Fig. 6, in which the PMSM is fed by a
two-level inverter using insulated gate bipolar transistors. The
speed is obtained from a 2500-pulse incremental encoder. A
dSpace DS1104 PPC/DSP control board is employed to im-
plement the real-time algorithm coding using c language. The
external load is applied using a programmable dynamometer
controller DSP6000. Both torque and flux are estimated from
the LPF-based voltage model with compensation. All exper-
imental results are recorded using the ControlDesk interfaced
with DS1104 and PC. The parameters of PMSM and control sys-
tem are the same as listed in Table I. The one-step delay caused
by the digital implementation in DSP is not compensated for
the sake of simplicity. The commutation frequency reduction
is implemented for the proposed method. The system sampling
frequency is 10 kHz, and the constants for the proposed DTC
are 2 Nm for CT and 0.1 Wb for Cψ , as introduced in Table I.

The steady-state performances at different speeds are first in-
vestigated. Figs. 22 and 23 present the steady response without
load for conventional DTC and proposed DTC at 10% rated
speed and 100% rated speed, respectively. From top to bottom,
the curves illustrated in Fig. 22 and 23 are stator flux and elec-
tromagnetic torque. It is seen that in both low and high speed,
there is significant reduction in torque and flux ripple, validating
the effectiveness of the proposed method. The performance of

Fig. 23. Steady state response of stator flux and torque at 100% rated speed
for conventional DTC and the proposed DTC.

Fig. 24. Steady state response of stator flux and torque at 10% rated speed for
the proposed DTC with different constant gains.

the proposed DTC at 10% rated speed with different constant
gains for Cψ and CT is presented in Fig. 24. It is seen that there
is little difference in the flux and torque ripples when compared
to the result in Fig. 22, showing strong robustness against the
variations of control parameters. Fig. 25 shows the torque and
flux waveforms when switching from conventional DTC to pro-
posed DTC at 25% rated speed without load. For conventional
DTC, the ripples of torque and flux are almost constant, while
the torque and flux ripples are increased with the speed in the
proposed DTC. The steady stator flux locus at 10% and 100%
rated speed are shown in Figs. 26 and 27. It is seen that the sta-
tor flux ripple in the proposed DTC is also reduced effectively,
especially at low speed.

The comparisons of torque ripple, flux ripple, and commu-
tation frequency for conventional DTC and proposed DTC are
illustrated in Fig. 28. There is an average torque ripple reduc-
tion of 88.1% in the proposed DTC. The average flux ripple
reduction is 67.4% and varies with the speed. At low speed
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Fig. 25. Responses of stator flux and torque when switching from conventional
DTC to the proposed DTC at 25% rated speed.

Fig. 26. Steady response of stator flux locus at 10% rated speed.

Fig. 27. Steady response of stator flux locus at 100% rated speed.

(200 r/m), the flux ripple is reduced significantly up to 84.8%
and at high speed (2000 r/m) 39.4%. The torque ripple reduction
varies slightly with the speed. The results under loaded condi-
tion are similar to that without load. The average commutation
frequency is variable for conventional DTC, from 3.29 kHz at
10% rated speed to 2.15 kHz at 100% rated speed. For the pro-
posed DTC, the average commutation frequency does not vary
much, from 4.17 kHz at 10% rated speed to 4.85 kHz at 100%
rated speed. The experimental results are in accordance with the
simulation results shown in Table V.

Figs. 29 and 30 show the start-up response without load from
standstill to rated speed for conventional DTC and proposed
DTC, respectively. By introducing antiwindup in the PI con-
troller, the motor speed accelerates to the nominal speed quickly

Fig. 28. Comparisons of flux ripple, torque ripple, and commutation frequency
for conventional DTC and proposed DTC.

Fig. 29. Start-up responses of stator flux, torque, and speed from standstill to
rated speed for conventional DTC.

Fig. 30. Start-up responses of stator flux, torque, and speed from standstill to
rated speed for the proposed DTC.
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Fig. 31. Responses of stator flux, torque, and speed to external disturbance
for conventional DTC.

Fig. 32. Responses of stator flux, torque, and speed to external disturbance
for the proposed DTC.

without overshoot. The dynamic response differences between
proposed DTC and conventional DTC are insignificant, as illus-
trated in Fig. 30, hence maintaining the merit of quickness in
conventional DTC.

The responses to external load disturbance of 2.5 Nm are
illustrated in Figs. 31 and 32 for conventional DTC and proposed
DTC, respectively. To enhance the dynamic performance and
decrease the speed drop when external load is applied, the duty
ratio calculation in proposed DTC is disabled when the motor
speed error falls out of a certain range of 50 r/m, as shown
in Fig. 32. The proposed DTC exhibits comparable dynamic
response to conventional DTC. During the transient process,
the active vector works during the whole period, i.e., d = 1,
and the performance is similar to that in conventional DTC.
When the motor speed error is less than 50 r/m, the duty ratio is
reenabled and excellent steady performance is obtained.

VIII. CONCLUSION

A very simple yet effective method to obtain the duty ratio
of the active vector is proposed in this paper, which can sig-

nificantly reduce both torque and flux ripples in conventional
DTC. By appropriately arranging the vector sequence during
one cycle, the commutation frequency of the proposed DTC can
be reduced up to 38.27% without degrading the steady perfor-
mance. This fact can also be applied to other duty-based DTC
methods, which has not been reported before. The proposed
method only needs the information of torque and flux errors,
while excellent steady performance is achieved. The dynamic
response can be improved by disabling the duty calculation dur-
ing transient process. The effectiveness of the proposed method
is validated by simulation and experimental results and can be
extended to other machines easily.

The performance of the proposed method is compared with
three duty determination methods in detail using simulations,
and it presents the merits of much easier implementation, lower
flux ripple, and stronger robustness against one-step delay and
parameter mismatch. However, if one-step delay is compen-
sated, better performance in terms of torque ripple can be ob-
tained by the analytical duty methods. Our first-stage work in
this comparative study still lacks detailed experiments, and fur-
ther effort is needed to confirm the theoretical analysis and
simulations in this paper.
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