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Abstract—This paper proposes a wide-speed direct torque and
flux control method associated with the inverter voltage and cur-
rent constraints of interior permanent-magnet synchronous mo-
tors. The proposed approach has potential advantages controlling
torque and flux linkage at the voltage and current limits, since no
integrators are employed for torque control or flux weakening.
The transition between the non-limited operation and maximum
voltage modulation can be achieved automatically without mod-
ifying the control law. To confirm this, we provide a graphical
and analytical analysis that naturally leads to a unique stator
voltage vector selection on the hexagon. The proposed controller
can maximize the available inverter voltage and generate a higher
output torque than conventional current vector controllers at
high speeds. The method developed in this paper also retains the
beneficial features of classical direct torque control, such as its fast
dynamics and direct manipulation of the stator flux linkage for
flux weakening.

Index Terms—Auvailable inverter voltage maximization, interior
permanent-magnet synchronous motors (IPMSMs), inverter volt-
age and current constraints, wide-speed direct torque and flux
control (WS-DTFC).

I. INTRODUCTION

NTERIOR  permanent-magnet  synchronous  motors

(IPMSMs) have received a great deal of attention in the
field of high-performance drive applications due to their unique
features, such as their high efficiency, high power density, and
wide constant power speed range [1]. One important issue that
is relevant to the control of IPMSMs is the extension of the dc
link voltage utilization, since the efficiency and power density
of motors and drive systems, such as those used in automotive
applications, are crucial due to the limited battery power.
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A number of methods of exploiting the available bus voltage
have been reported over a wide range of speeds based on
current vector control (CVC) [2]-[4]. However, since current
control leaves the motor flux linkage in the open loop state,
the dynamic ability to vary the flux linkage is generally more
limited. Moreover, open loop air-gap torque dynamics are also
limited by the current controller dynamics, and accurate current
regulation is problematic when operating near the voltage limit
of the inverter. A modified CVC methodology was proposed
[5] in order to extend the linear voltage limit of CVC to quasi
six-step ranges. This is achieved by introducing extra control
functions and a tuning gain, which should be carefully selected
based on a complex tradeoff between voltage utilization and
current control dynamics. The add-on algorithm needs to be
integrated with the controller that prevents the streamlined
batch-analysis and design over a wide range of speeds resulting
from the multiple control laws.

Recently, some modified direct torque and flux control
(DTFC) schemes have been reported for high-performance ac
motor drives [6]-[9]. Despite their improved control perfor-
mance over that of classical direct torque control algorithms,
there exist some limitations associated with their voltage limit
operations. In [6], [7], a variable control structure with switch-
ing logic tables was implemented to enable the adjustment of
the flux command. The drawback of using such methods is the
added complexity of implementing a different control law when
operating at high speeds. The system in [8], [9] controls the
stator flux magnitude and torque output by using a PI regulator
with a fixed PWM switching frequency. Unfortunately, the inte-
grators in the regulator would wind up and cause the system to
exhibit poor dynamic performance at the operating limits. With
these methods, the realization of maximum voltage utilization
fails, because they consider the voltage limit as a circle instead
of a hexagon. Consequently, this control methodology based on
the linear voltage limit increases the copper loss and requires
multiple control laws for the transition between flux weakening
and maximum voltage utilization. These adverse consequences
arise due to the adherence of the system to the control structure
employing the PI regulator at the operating limits [5]. In the
aforementioned studies on DTFC based on the space vector
modulation, one of the main reasons for employing the PI regu-
lator is the fact that the nonlinear cross-coupling of the voltage
manipulated input, yielding both the air-gap torque and stator
flux linkage, is not directly solvable and cannot be directly
decoupled in continuous time. Because the decoupling of the
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cross-coupling is not straightforward in the continuous time
motor model, a different control solution is necessary.

There have been many attempts to use deadbeat-DTFC (DB-
DTFC) as a high-performance control law for ac motors [10]-
[12]. DB-DTFC utilizes an inverse discrete time motor model
to determine the stator voltage vector that would achieve the
desired torque and stator flux magnitude at the end of the next
PWM interval. Here, a suitable DTFC solution correctly de-
couples the nonlinear cross-coupling of the applied voltage and
provides the energy input required for both states to be achieved
in discrete time without adopting a PI regulator. However, in
these works, insufficient information is available to determine
the stator voltage vector during a wide range of operation at
elevated speeds.

In this paper, we propose a wide-speed DTFC (WS-DTFC)
method associated with the inverter voltage and current con-
straints of IPMSMs. In the proposed approach with a constant
switching frequency, the drive system can provide fast and non-
oscillatory dynamics under voltage limits, since no integrators
are employed for torque and flux linkage control in the flux
weakening region. The automatic transition to the flux weak-
ening mode is achieved with a single voltage selection rule.
This implies that a single control law is required to generate the
output voltage command in the entire operating region, unlike
in the existing control methods. To support this hypothesis,
we provide a graphical and analytical analysis that naturally
leads to a unique stator voltage trajectory for WS-DTFC. The
method developed in this paper maintains the beneficial features
of classical direct torque control. Sets of a comprehensive
collection of experiments are used to evaluate and verify the
feasibility of the presented idea.

II. PRINCIPLE OF DB-DTFC UNDER
NON-LIMITED CONDITION

The output torque of the IPMSM based on the flux linkage is
simply given by
= Agsias) (1

ds? qs

3
T. =P (N
where A, . and iy, represent the d—q axis stator flux linkage
and the current vector in the rotor reference frame, respectively,
and P denotes the number of poles.
In order to form the DB-DTFC law, the following torque
differential equation can be written as

. 3 " - s -
Te = ZP ( ds? qs + )‘ds qs )\gslgs - )‘gslds> . (2)

The rate of change of the torque can be modeled over a PWM
period T as a discrete time system with latched voltage input.
This forms the basis for the DB-DTFC regulator [12] as

vgs(k)Ts =M v (k)Ts + B 3)

where

M =

( (Lq — La)Ags(F) )
(Lg — La)N;y (k) — LgApm

(k + 1)’ q — axis [voll 7sec]

Fig. 1. Graphical solution in the non-limited region (w, = 0.33wp).
o)
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and AT (k) = Te(k + 1) — Te(k). vy, is the d—q axis stator
voltage vector, Lq, indicates the d—q axis inductance, Apy, is
the flux linkage of the PM, R represents the stator resistance,
and w, is the rotor angular velocity.

For the operating conditions when the voltage is not near the
limit, the stator flux linkage would be

A2 =N (k+1)% + A7 (k +1)°

:is(k> +WT>‘ZS(]€)TS)}2
+ (/\Zs(k:) -

= {vh,(k)Ts + (

+ {ur ()T, 2

wrds(K)T5) - (4)

Combining (3) and (4) provides a unique stator V' —s solution
that produces both the desired change in the output torque and
stator flux magnitude at each discrete time step. Fig. 1 shows
a graphical representation of the stator voltage solutions in the
d—q V—s plane at 33% of the based speed. The desired change
in the torque of (3) forms a dotted line in the complex stator
V—s plane and is shown in red. The stator flux linkage of (4)
forms a large circle which is shown in pink. Among the multiple
possible stator voltage vectors, two of them fall on the constant
stator flux linkage circle. Here, the voltage limit appears in
the form of a small rotating hexagon over the 75 sample time
interval. The voltage vector which falls inside of the voltage
limits is chosen as a feasible solution because it is the only
achievable voltage in the next sampling time.

Fig. 2 shows a zoomed view around the feasible voltage
vector of Fig. 1 at a certain operating instant. The solution of
(3) and (4) lies within the current (ellipse in black) and voltage
(hexagon in blue) limits under the non-limited condition. Here,
the stator flux command can be modified by a given Maximum
Torque Per Ampere (MTPA) strategy. Increasing the motor
speed forces the operating point to approach the voltage limit
boundary, as shown in Fig. 3. This speed is called the base speed
(wp), where the flux weakening operation starts.
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Fig. 3. Feasible solution at base speed (w, = wp).

III. WIDE-SPEED DTFC AT OPERATING LIMITS

In this paper, the hexagon-shaped boundary is considered
as a voltage limit for achieving the efficiency enhancement or
the maximum voltage utilization over a wide operating region.
This can be a very attractive control method for automotive
applications to achieve better fuel economy and extend the
operating range.

Above the base speed as shown in Fig. 4(a), the deadbeat
command voltage vector, which is at the intersection of (3)
and (4), lies outside of the voltage limit. In this operation, the
command voltage vector should be scaled back to the physical
limits. Here, three different vectors can be possible solutions as
shown in Fig. 4(a). Point “a” is on the voltage limit and can
achieve the maximum torque increase, but it does not satisfy
the current limit condition. Point “b” satisfies both physical
constraints, but it does not utilize the full current capacity. Point
“c” (labeled vg;s (k)Ty) is the best option to develop the largest
torque, while the flux decreases at a given rotor speed.

As shown in Fig. 4(b), this modification causes the stator flux
circle to move toward the new voltage vector in the next step.

g-axis [volt-sec]

d-axis [volt-sec]

(a)

g-axis [volt-sec]_.,.-

I . d-axis [volt-sec] ’
(b)

Fig. 4. Proposed flux weakening strategy (w, > wp). (a) Command voltage
options outside voltage limit. (b) Command voltage modification.

Then, the stator current at the next sample time will exist on the
current limit as

igs(k+1)? +if (k+ 1) = IZ ., (5)

where [ ,.x represents the maximum current limited by the
inverter current rating.

For the full utilization of the physical resource, both the
voltage and current constraints should be considered, while
maintaining the DB-DTFC features, to modify the command
voltage vector at point “c.” The modified voltage will be on
the hexagon-shaped voltage limit. Fig. 5(a) shows a typical
snapshot of the voltage limit for a given dc link voltage Vi,
when the rotating angle is zero (6, = 0). It has six equilateral
triangles in the synchronous d—q V—s plane. Here, each triangle
is referred to as a sector numbered as sec,,(n = 1,2,...,6). An
adjacent sector shares the vertex defined as p,, = (Pnd, Png)-

The voltage limit hexagon rotates in the reverse direction
with respect to the rotor angle, as shown in Fig. 5(b). This
rotation results in the variation of the d—g vertex components.
For the calculation of p,,, it is useful to consider the following
transformation of the vertex:

m:RmﬂWﬂ 6)
Pnq0

where ppq0 and pyq0 are the tip values at 6, = 0. The identifi-
cation of the sector adjacent to the current limit is the first step
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Fig. 5. Space vector diagram in the synchronous d—q V' —s plane. (a) Voltage
limit hexagon at 6, = 0. (b) Voltage limit hexagon at 6, = +7 /6.

in the selection of the modified stator voltage command. Then,
the boundary of each sector can be obtained as

v;S(k)TS =M, vy (k)Ts + B, @)
where
Mn _ p(n+1)q — Pngq
P(n+1)d — Pnd
Bn = - annd +pnq-

The modified stator flux linkage can be rewritten as a func-
tion of the stator currents as follows:

ns(k+1) = Laif(k + 1) + Apm
Ar (k4 1) = Lyir (k + 1). (8)
Substituting (8) into (5), the current limit is given by

/ 2
Db+ 1) = Ao \ 7 [Nk +1) )
— | =1
< Ld + Lq Smax (9)

Combining (7) and (9), a new stator flux linkage command
(N = Z;s(lﬂ + 1)) can be obtained. Then, a unique modified
stator V—s solution vgils(k)Ts is also obtained as (10) to
maximize the output torque under this physical constraint

/ 24
vgs(k) = =B —sgn(wy) - %
, " (k) - B,
ok = ") (10)

where a:Li}Wﬁ + 12 B= —(ZwT/\megMz—FQBnLi), and

Y= (Wr/\mean)2 + (LdBn)Q - (Ismax)\mequMn)2-
Here, it is not possible to achieve a deadbeat torque response

for the desired value, but it is possible to achieve part of

the desired change in torque. With this algorithm, although a
deadbeat torque response can be partly achieved, the maximum
voltage and current utilization are always guaranteed in the
flux weakening region. The basic principle of the wide-speed
DTEC is to ensure the direct control of the actual flux over the
whole range of speeds and also a smooth transition between
the constant flux region and the flux weakening region, without
requiring any information on the base speed. The selected
voltage trajectory automatically moves toward the intersection
of the current and voltage limit with the speed elevation, as
shown in Fig. 4(b). The proposed scheme self-regulates the
stator flux without requiring any extra tuning parameters to
be adjusted, allowing for satisfactory operation over the whole
range of speeds. This is advantageous as only one control law
needs to be developed.

In the proposed wide-speed DTFC method, the intersection
of the current limited ellipse and the rotating hexagon becomes
the command voltage vector at the next sampling instant. Note
that the current limited ellipse moves along the positive g-
axis direction with increasing speed, while one of the sides of
each equilateral triangle crosses the current limit locus. Thus,
the trajectories of the selected intersection are not fixed, but
fluctuate on the current limited curve.

Fig. 6 shows a comparison of the selected command voltage
waveforms with different rotor speeds. At the base speed in
Fig. 6(a), the fluctuated interval, Avgqs(k)Ts, of the d—q volt-
age components is quite balanced because the selected voltages
in the d—q plane stay between inscribed and circumscribed
circle. Thus, additional distortion is rarely found in the output
phase voltage waveform in the abc reference frame. In contrast,
at the maximum speed in Fig. 6(b) where the current limit
ultimately reaches the inscribed circle, a group of d—q voltage
components are laid on the region corresponding to the unbal-
anced d—q V—s interval. Hence, as shown in Fig. 7, the phase
voltage waveform in the abc reference frame progressively
includes a certain amount of harmonics with multiples of six
times the fundamental frequency in the synchronous coordinate
with increasing rotor speed. Note that the add-on harmonics
present are the 6n + 1 (n is a non-zero integer) components
in the abc reference frame. For applications, where the add-on
harmonics are critical, limiting the d-axis fluctuating interval,
Av]} (k)Ts, can improve the situation by sacrificing the corre-
sponding voltage or current utilization.

Note that the successful command voltage selection of (10)
in the flux weakening mode can be achieved as long as there
is no drift of the motor parameter, as shown in Fig. 8. In
practice, however, this is not always the case, and, therefore, the
motor parameters of the current limit should be estimated and
updated [13].

Fig. 9(a) shows an overall block diagram of the control
system augmented to include the proposed DTFC algorithm.
For the stator flux linkage estimation, a discrete time Gopinath-
style stator flux linkage observer for IPMSMs is employed
[12]. The stator current in the next sample time instant is
also estimated using the discrete time version of the stator
current observer to enhance the control performance. Fig. 9(b)
shows the operational flow of the proposed DTFC, where the
deadbeat control is carried out under non-limited condition
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Fig. 6. Output voltage waveforms with the rotor speed. (a) Selected voltage at the base speed. (b) Selected voltage at the maximum speed.
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Fig. 8. Effect of parameter errors in the proposed WS-DTFC method.

while performing the WS-DTFC at the operational limit. When
the voltage command is saturated due to large changes in torque
command at low speeds, the modified voltage vector is naturally
relocated on the voltage boundary by conventional overmodu-
lation schemes because there is no intersection between voltage
and current limit, as shown in Fig. 2. This implies that the
proposed WS-DTFC strategy provides an inherent property
to distinguish overmodulation from flux weakening operation
without requiring extra parameters or control actions.

This structure leads to the single control law which avoids
the complexity of having an additional control function or gain
to be adjusted. This can never be achieved in existing CVC and
DTFC schemes.
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IV. EXPERIMENTAL RESULTS

The proposed WS-DTFC algorithm was implemented on a
900 W IPMSM, as described in Table I, coupled to a 1.0 kW
ac servo motor. An encoder of 2500-pulse-per-revolution was
mounted on one end of the test motor to measure the actual
position. A fixed MTPA curve was implemented to utilize both
the electromagnetic and reluctance torques available in the
IPMSM below the base speed [9], [14]. The CVC and WS-
DTFC were implemented in the inverter with a constant PWM
sampling frequency of 10 kHz.

The test results of the conventional CVC method [12] are
shown in Fig. 10, where the x—y plot of the stator voltage, air-
gap torque, rotor speed, stator voltage magnitude, and the cur-
rent magnitude are displayed from top to bottom. In this test, the
dc link voltage was set to 150 V, and the IPMSM drive was op-
erated with an infeasible speed command in order to saturate the
speed controller. Here, the voltage feedback-based flux weak-
ening control scheme was applied above the base speed. It can
be observed from the xz—y plot that the stator voltage moves
along the voltage limit circle (Vy./v/3) in the flux weakening

TABLE 1
RATINGS AND NOMINAL PARAMETERS
OF 900 W IPMSM UNDER TEST

Ratings and Parameters Value Unit
Rated torque 29 Nm
Number of poles 8
R,@25°C 1.82 Q
Ly /Ly 20.2/8.5 mH
X pm 0.115 Wb

region. Even though the controller fully uses the available
voltage and current during wide-speed operation, the realization
of maximum voltage utilization fails due to the linear voltage
limit. The advent of flux weakening occurs at about 1200 r/min
and the maximum speed is 2860 r/min.

The same experiment was repeated using the proposed DTFC
in the testing system, as shown in Fig. 11. The z—y stator
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Fig. 14. Comparison of output voltage and current around the base and
maximum speed. (a) Test results at the base speed. (b) Test results at the
maximum speed.

depicted. The flag signal indicates that the command voltage
vector lies outside of the voltage hexagon when the “Flag”
equals to 1. In this transient region, the air-gap torque cannot
follow the torque command due to the lack of the available
inverter voltage. Thus, it takes finite settling steps to achieve
a desired air-gap torque that is physically infeasible in one step.
The intersection of the current limit and the rotating hexagon
becomes the modified command voltage vector to achieve the
fastest torque dynamics under the transient state.

The speed deceleration performance was investigated
through experiments between zero and 3000 r/min, as shown
in Fig. 13. From top to bottom, the controlled rotor speed, the
flag signal, the estimated stator flux linkage, and the air-gap
torque are depicted. Here, the flag signal indicates that the flux
weakening control is performed when the “Flag” has the high
state. Even during braking transients, the proposed WS-DTFC
drive maintains the stable and reliable operation.

Another experimentation was carried out to assess the effects
of add-on harmonics under different speeds. Fig. 14 shows the
spectral comparison of the A-phase voltage and current wave-
form around the base and maximum speed. The unbalanced
voltage selection interval results in more harmonics in the phase

voltage at the maximum speed, but the add-on magnitude is rel-
atively small compared to that of the fundamental component.
The harmonics magnitudes in the current waveform make no
difference because high-order harmonics are almost filtered out.
This behavior may not be severe, or not be even problematic, for
applications requiring the maximum voltage excitation.

V. CONCLUSION

In this paper, we investigated a wide-speed DTFC method
associated with the physical constraints of [IPMSMs. In the
proposed approach, the drive system can provide fast and non-
oscillatory dynamics under physical limits, since integrators are
not employed for torque control or flux weakening. To support
this conclusion, we provided a graphical and analytical analysis
that naturally leads to a unique stator voltage trajectory for
WS-DTFCs. This allows for the choice of an objective voltage
vector extending the operational ranges. Motivated by these
considerations, the transparent and streamlined controller can
operate under a single control law and reduces the time and
effort required for the calibration of the controller in the entire
operating region.
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