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DTC as the main competing control method against VC has attracted
huge interest among researchers since its initiation in the mid-1980s
(Depenbrock 1986; Takahashi and Noguchi 1986). DTC has been
applied to PMS motors in the 1990s and, since then, has gained great
attention in the literature, although its market share in the motor drive
sector is a different story. Nevertheless, the method has found full
recognition and some applications in the industry.

DTC at the time of initiation took into account already known facts
regarding AC machines to form effectively a viable control system of
high performance. The facts are presented in the first section of this
chapter as the principles of the method. A major shift in the motor
control field, initiated by DTC, is to consider the indispensable dis-
crete behavior of the inverter in the motor control system to avoid
extra burden in the system implementation. As a result, in contrast to
VC, DTC determines specifically, the desired voltage vector in each
instance. This vector is applied to the machine through the inverter
and thus controls the machine during a switching interval of the in-
verter. By this way, a closer control to the machine behavior under the
inverter is provided.

After presenting the principles of DTC, the chapter continues with
the basic DTC system. The PMS operating conditions, including cur-
rent, voltage, and flux limits, are then discussed followed by the flux
control schemes under DTC. Alternative DTC systems, including
optimal DTC with space vector modulation (SVM) are also studied.
DTC in connection with loss minimization control is presented next.
Finally, the comparison between DTC and VC is attempted before
the ending summary.

4.1 Principles of DTC

In this section, fundamental principles of DTC are reviewed. Sys-
tematic understanding of these principles is essential for deep insight
into DTC. The principles include the relationship of motor torque
deviation with load angle deviation; the relationship of flux linkage
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deviation with voltage space vector; the generation of voltage vec-
tors by inverter; the rule for selecting the most appropriate voltage
vector; and finally, the means for limiting the variation of flux linkage
magnitude during the motor operation.

4.1.1 Torque deviation versus torque angle
deviation

Electromagnetic torque of a PMS machine with surface-mounted
magnets, in the stator flux RF, can be presented by:

Te =
3
2
Pλsiy, (4.1.1)

where λs and iy stand for the x- and y-components of stator flux
linkage vector and stator current vector, respectively, as presented
in Chapter 2 by eqn (2.6.13). Referring to Chapter 2, the iy for
surface-mounted magnet machines is given by:

iy =
1
Ls

λm sin δ, (4.1.2)

where λm is the magnitude of rotor flux linkages vector and δ is the
angle between these two flux linkage vectors, i.e., the load angle as
seen in Fig. 4.1. Also, Ls is the stator winding inductance. Substituting
eqn (4.1.2) into eqn (4.1.1) yields:

Te =
3
2
P
Ls

λmλs sin δ. (4.1.3)
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Figure 4.1 A vector diagram of
PMS machines showing current,
voltage, and flux linkage vectors in
rotor and stator flux linkage RFs.
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The magnitude of rotor flux linkage depends on the type of the
magnet material, the pole dimensions, and motor configuration.
Therefore, it is fixed for a specific motor if other marginal effects
are ignored. The stator flux linkage magnitude is also assumed to be
constant as a constant flux control is a common practice in many mo-
tor control methods to achieve fast motor dynamics. A constant stator
flux linkage magnitude is realized in DTC by a particular means, as
will be presented shortly. Therefore, the torque depends on a single
variable, δ, only as seen by eqn (4.1.3). A time variation of torque in
a very short duration can be represented by a differentiation of eqn
(4.1.3) as given by:

dTe
dt

=
3
2
P
Ls

λm λs δ̇ cos δ, at t = 0. (4.1.4)

where a dot over a variable denotes a derivative. During the tiny inter-
val of differentiation, δ experiences a variation, which is influential on
torque deviation, but negligible with respect to δ itself. Thus, cos δ

can be regarded constant in the interval. Therefore, eqn (4.1.4) shows
that a small deviation of torque depends almost solely on the time de-
rivative of δ. This result has an important implication that lays down
the foundation of DTC. This is that the torque dynamics is almost
proportional to the “rate of change” in the angle between the sta-
tor and rotor flux linkage vectors as shown in Fig. 4.1. It is worth
mentioning that:

δ = (ωs – ωr)t + δ0. (4.1.5)

At steady state, the stator and rotor flux linkage vectors rotate with the
same speed. Thus, the derivative of eqn (4.1.5) is zero, i.e.:

δ = δ0 ⇒ δ̇ = 0. (4.1.6)

Therefore, the torque deviation of eqn (4.1.5) vanishes and the torque
is constant. However, at transient state, the stator flux linkage and
the rotor flux linkage vectors rotate with different speeds. Thus, at
transient conditions:

δ̇ = ωs – ωr . (4.1.7)

Referring to Fig. 4.1, eqn (4.1.4) means that for a fast torque re-
sponse, the speed difference in eqn (4.1.5) must be high. Therefore,
a desirable motor control can be provided if the speed difference be-
comes as high as possible when the motor torque command changes.
Bearing in mind that the rotor flux linkage rotates with the rotor speed
and the rotor as a mechanical body has a large time constant; the rotor
speed cannot change rapidly. As a result, this is the speed of stator flux
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linkage that must change rapidly. This is, in fact, the essence of DTC
method to change the speed of rotation of stator flux linkage vector in
response to a motor command in order to change δ.

For IPM machines, where Ld �= Lq, the torque equation (4.1.3)
turns to eqn (2.6.17), which is recalled here as:

Te =
3Pλs

4LdLq
[2λmLq sin δ + λs(Ld – Lq)sin 2δ]. (4.1.8)

Then the derivative of eqn (4.1.8) becomes

dTe
dt

=
3Pλs

2LdLq
[λmLq cos δ+λs(Ld –Lq)cos 2δ]δ̇, at t = 0. (4.1.9)

It is seen again that, in the case of IPMmachines, the torque deviation
almost depends on the load angle deviation, δ̇. Therefore, the same
principle is valid for IPM motors, too.

4.1.2 Alignment of flux linkage deviation
with voltage space vector

The voltage equation of PMS motors in space vector domain can be
written as:

vs = Rs is + p λs, (4.1.10)

where vs, is, and λs are the stator voltage, current, and flux linkage
vectors, respectively, in a stationary RF and p is a derivative operator.
The equation has already been elaborated on in Chapter 2. The first
term on the right-hand side of the equation corresponds to the volt-
age drops on stator windings and the second term corresponds to the
induced voltage in stator windings. The former is usually small with
respect to the stator voltage under normal machine operation due to
small value of Rs. The only exception is in very low speed operations
of inverter-fed machines, when the applied voltage is low and the rela-
tive importance of the term with respect to the applied voltage cannot
be neglected. Setting aside the very low speed operations, one may
ignore the term when efficiency analysis is not concerned. Using this
reasonable simplification, the stator voltage space vector is the same
as the induce voltage space vector:

vs ∼= p λs. (4.1.11)

Linearizing eqn (4.1.11) yields:

Δλs
∼= v̄s Δt (4.1.12)
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where Δ in front of a variable stands for a linear increment in the
variable. This simple equation is of prime importance when it comes
to principles of DTC. It simply says that a certain flux linkage devi-
ation vector can be obtained by applying a specific voltage vector to
the stator windings for a short interval. Bearing in mind that the term
�t in eqn (4.1.12) is, in fact, a scalar, the equation further proves that
the two space vectors, Δλs and v̄s, are in the same direction. Also, the
vector of flux linkage deviation is always aligned with the voltage vec-
tor in practice. On the other hand, knowing a desired Δλs and Δt, it
is possible to find out the right voltage vector that must be applied to
the machine.

Now let us look at the facts just extracted from eqn (4.1.12) in
connection with the essence of DTC discussed previously. Fig. 4.2
is helpful to visualize the facts. It depicts the flux linkage vector at
two instances before and after an incremental deviation with respect
to the rotor flux linkage vector, i.e., Δδ. The space vector flux linkage
deviation of eqn (4.1.12) is shown in Fig. 4.2 as the subtraction of the
two flux linkage vectors. As mentioned previously, the voltage vector
that causes Δδ, is parallel to Δλs as shown in Fig. 4.2 by v̄s.

Altogether, a desired torque deviation demands an incremental ro-
tation of stator flux linkage vector and this, in turn, determines a
specific voltage vector to be applied to the machine. This is shown
by the following cause and effect relationships:

ΔTe ⇒ Δδ ⇒ Δλs ⇒ vs. (4.1.13)

Finding v̄s by the relationships given in eqn (4.1.13), it must be
produced by an inverter and is applied to the machine windings for a
duration of Δt. Basically, this is the way DTC works.
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adjustment by voltage vectors.
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4.1.3 Space vector voltages of an inverter

Having found the desired voltage vector, this must be produced by an
inverter. The available voltage vectors provided by a two-level three-
phase voltage source inverter has already been presented briefly in
Section 1.2 and will be further explained here. Fig. 1.2 shows such
an inverter with two power electronic switches on each of its three
legs. The switches can have two operating states—either ON, i.e.,
conducting, or OFF, i.e., non-conducting state. However, the two
switches of a leg must have opposite states to prevent a short cir-
cuit through the switches, which is hazardous to the switches. The
switching states of the inverter can be seen in Table 1.1. There are
six non-zero voltage vectors and two zero voltage vectors for a two-
level inverter, depending on the on/off state of switches. They can be
represented by:

vs =
2
3
VDC (Sa + a Sb + a2 Sc), (4.1.14)

where a and a2 are unit vectors of 120◦ and 240◦ as:

a = e j
2π
3 , a2 = e j

4π
3 , (4.1.15)

and Sa, Sb, and Sc are used to show the state of each leg in the inverter,
which is either 0 or 1. The state of a leg is 0 when the leg is connected
to zero voltage, i.e., the lower switch is on and the upper switch is
off. By contrast, the state of a leg is 1 when the leg is connected to
the DC bus voltage, VDC, i.e., the upper switch is on and the lower
switch is off. The voltage vector is zero when all legs have the same
state, either 0 or 1. This occurs when the three upper switches have
the same state, either on or off, while all the lower switches have the
opposite state, i.e., either off or on, respectively. The voltage vectors
are depicted in Fig. 4.3, where the state of switches is shown by a
three-digit number, e.g., v̄2 (110). It is seen that the vectors have the
same magnitude, except for the zero voltages. The vectors are 60◦
apart in their directions, however.

4.1.4 Golden rule of DTC

It was proved that the torque dynamics depends on the rotation speed
of stator flux linkage vector with regard to the magnet flux linkage
vector. In other words, to get a fast torque response, one should ar-
range to change the load angle, δ, as quickly as possible. Referring to
Fig. 4.2 and bearing in mind that �λs is aligned with v̄s, it is ideal
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Figure 4.3 Voltage vector options to
cause fast dynamics for either in-
creasing or decreasing the developed
machine torque.

to keep the voltage vector always perpendicular to λs to get the fast-
est rotation of λs. This is the golden rule of DTC. The inverter is
capable of producing six non-zero voltages only, however, which are
not perpendicular to λs in general. Therefore, a reasonable solution is
to compromise to the best possible voltage vector among the inverter
voltages in each inverter switching period. Such a voltage vector must
have an angle to λs as close as possible to 90◦ as a condition result-
ing in a fast torque response. There are always two pairs of voltage
vectors that better provide this condition, depending on the position
of the flux linkage vector. Fig. 4.3 shows these voltages, i.e., v̄3 and
v̄4, as well as v̄1 and v̄6 as the best options for a specific stator flux
linkage position. It can be seen that applying v̄3 or v̄4 to the machine
will rotate λs to increase δ in order to increase torque. Similarly, ap-
plying either of the two voltages, v̄1 or v̄6 to the machine will rotate
λs to decrease δ in order to reduce torque. A systematic approach is
followed to determine all such voltage vectors for different positions
of flux linkage vector. This is started by dividing the plane of inverter
voltage vectors to six equal regions or sectors, each covering 60◦ of
the plane as seen in Fig. 4.4. A voltage vector is located in the mid-
dle of each region. The regions are numbered by the number of their
voltage vectors. A distinct set of four voltage vectors corresponding to
the flux linkage vector in each region can be determined as explained
before. The set can be presented by the following logics:
for getting �δ > 0, the applied voltages must be: vk+1 or vk+2,

∀ k = 1 – 6,

for getting �δ < 0, the applied voltages must be: vk–1 or vk–2,

∀ k = 1 – 6, (4.1.16)
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Figure 4.4 Flux regions (sectors) of
the machine based on voltage vectors
of the inverter.

where k is the region number in which the flux linkage vector is lo-
cated. The first logic increases the torque, while the second logic
decreases the torque according to eqns (4.1.4) or (4.1.9). It must
be mentioned that the logic corresponds to the counter-clockwise
rotations of the rotor.

4.1.5 Limiting the variation of flux linkage
magnitude

It is desired to keep the magnitude of λs constant under the machine
transient state to improve machine dynamics. A constant flux link-
age magnitude is also assumed in the derivation of eqns (4.1.4) and
(4.1.9) as the basis of DTC method. This can only be achieved dur-
ing the period of a rapidly rotating flux linkage vector if an inverter
can provide infinite number of voltage vectors to the motor, thus,
keeping the applied voltage perpendicular to the flux linkage vector
in all instances. However, a two-level voltage source inverter can only
produce six non-zero voltage vectors. When these voltages are applied
to a PMS motor, they usually rotate λs, as well as change its magni-
tude. Looking back at Fig. 4.3, if v̄3 and v̄4 are applied to the motor,
they will rotate λs to increase δ in order to increase torque, while they
change the magnitude of λs, by increasing or decreasing it, respect-
ively. Similarly, by applying either of v̄1 or v̄6 to the machine, they
rotate λs to decrease δ in order to reduce torque. While v̄1 increases
and v̄6 decreases the magnitude of λs. Therefore, it is wise to retain
the magnitude of λs with less possible change when a voltage vector is
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Figure 4.5 Flux linkage band and
consecutive voltage vectors in DTC.

applied to the machine during an inverter switching period. A DTC
method includes a means to do the task by limiting the unwanted
changes of flux linkage magnitude within a pre-specified amount, dur-
ing an inverter switching period, while increasing the rotation of the
flux linkage vector. To define the limits, a flux linkage band with a
lower and an upper limits is defined. This is shown in Fig. 4.5 by
its width, Δλ. The band allows a flux linkage variation about a com-
manded value of the flux linkage signal. The commanded flux linkage
trajectory is shown by a dashed circle in Fig. 4.5. When a voltage vec-
tor is applied to the machine, the flux linkage changes inside the band,
until it reaches a limit. The inverter automatically switches the applied
voltage, when the flux linkage reaches a band limit. Fig. 4.5 shows that
the voltage vectors consecutively are applied to the machine in differ-
ent switching instances according to eqn (4.1.16). By this way, the
flux linkage vector rotates fast, while its magnitude is limited within
the flux linkage band. It must be noted that the flux linkage band in
Fig. 4.5 is shown much larger with respect to the commanded flux
linkage for the sake of clearness.

4.2 Basic DTC system

A DTC realizes the principles stated previously by the system shown
in Fig. 4.6. A torque and a flux linkage magnitude commands, T∗

e
and λ∗

s , respectively, are compared with their estimated values, and
the errors are applied to the corresponding hysteresis controllers to




