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Abstract

This paper presents a discrete-time version of voltage and current limited operation using an enhanced direct torque and flux
control method for interior permanent magnet synchronous motor (IPMSM) drives. A command voltage vector for airgap torque
and stator flux regulation can be uniquely determined by the finite-settling-step direct torque and flux control (FSS-DTFC)
algorithm under physical constraints. The proposed command voltage vector trajectories can be developed to achieve the
maximum inverter voltage utilization for the discrete-time current limit (DTCL)-based FSS-DTFC. The algorithm can produce
adequate results over a number of the potential secondary upsets found in the steady-state current limit (SSCL)-based DTFC. The
fast changes in the torque and stator flux linkage improve the dynamic responses significantly over a wide constant-power
operating region. The control strategy was evaluated on a 900W IPMSM in both simulations and experiments.

Key words: Discrete-time current limit (DTCL), Finite-settling-step direct torque and flux control (FSS-DTFC), Maximum

inverter voltage utilization, Steady-state current limit (SSCL)

I. INTRODUCTION

Direct torque and flux control (DTFC) methods have been
widely developed for high performance ac motor drives
[1]-[4]. Recently, discrete-time versions of the DTFC, called
the deadbeat-direct torque and flux control (DB-DTFC), have
been introduced to achieve the fastest torque and flux
response within operating limits [4], [5]. The DB-DTFCs
apply the principle of deadbeat control to achieve a desired
value in one inverter switching period. DB-DTFC methods
have been implemented for IM drives [1], [2] and [IPMSM
drives [4]-[6]. However, in these studies, insufficient
information was available to determine the stator voltage
vector during a wide range of operation at elevated speeds.

When a command output voltage encounters a voltage
limit due to elevated rotor frequencies or large torque
changes, the controller requires a feasible command voltage
to follow a desired value in a finite settling step. Recently, a
finite-settling-step DTFC (FSS-DTFC) method associated
with the inverter voltage and current constraints for IPMSMs
has been proposed [5], [6]. The FSS-DTFC is an exact
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counterpart of the DB-DTFC, in terms of the physical
constraints, in discrete time. The FSS-DTFC can be a suitable
solution during voltage and current constrained operations.
Here, the intersection of a current limited ellipse and a
rotating hexagon becomes a feasible voltage vector in the
next sampling instant. The fastest rate of torque changes can
be achieved by scaling the voltage vectors on the hexagonal
voltage boundary to ensure stator flux linkage regulation
while meeting flux-weakening requirements. A natural
transition from the maximum torque per ampere (MTPA) to
the flux weakening mode is possible via a voltage selection
rule. Therefore, the whole motor controller can be designed
under a single control law, which leads to a reduction of the
time and effort required for calibration of the controller over
the entire operating space.

The aforementioned FSS-DTFC has many benefits.
Howeveer, it has one important caveat because it relies on the
steady-state current limit (SSCL) [5]-[7]. Although a
relatively simple calculation can be achieved when using the
SSCL, the number of potential secondary upsets is increased,
i.e. a more complicated voltage selection rule due to multiple
solutions, add-on harmonic production [5] which is more
significant at higher speeds, and an instantaneous
over-current exceeding the inverter maximum current.

In this paper, an enhanced FSS-DTFC method is proposed
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Fig. 1. Graphical solution in the non-limited region
(o, =0.60)-

as an alternative SSCL-based FSS-DTFC using the
discrete-time version of physical constraints. A unique
command voltage trajectory has been sought at each discrete
time step by genuine sampling-based knowledge, while the
DB-DTFC is carried out under non-limited conditions. The
successful application of this control approach was
corroborated by graphical and analytical analyses that
naturally led to a single voltage selection policy for the
discrete-time current limit (DTCL)-based FSS-DTFC. The
proposed DTCL-based FSS-DTFC uses an estimated stator
current rather than the measured current to enhance the
inverter reliability. The algorithm solves the drawbacks in
terms of the number of potential secondary upsets
encountered in the SSCL-based DTFC. The proposed method
also provides direct manipulation of the stator flux linkage
while utilizing the maximum inverter voltage in the voltage
and current limited region.

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

A DB controller is a special type of FSS controller where
instead of achieving a desired response over multiple time
periods, the response is achieved in one time step. The
DB-DTFC is a high performance control technique where the
torque and stator flux are independently controlled at the
switching level under non-limited voltage conditions. Here,
the inverse system model can be used to calculate a desired
voltage vector for the next sample period in order to achieve
the commanded air-gap torque and stator flux magnitude.

Fig. 1 shows a graphical representation of the stator
voltage solutions in the synchronous d-q Volt-sec plane under
the based speed. The desired change in torque [4], [5],
AT, (k), forms a dotted line in the complex stator Volt-sec
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Fig. 2. Feasible solution at base speed (o, =y, ).

plane and is shown in red. The stator flux linkage

Migs )

forms a large circle which is shown in pink. The voltage
vector, which falls inside the voltage limits, was chosen as a

feasible solution, V{iqs p(K)T; , because it is the only

achievable voltage in the next sampling time. This indicates
that a smooth and fast response for the torque and stator flux
can be achieved via the DB-DTFC in a single step under
non-limited voltage conditions.

III. DISCRETE-TIME PHYSICAL LIMITS-BASED
ENHANCED FSS-DTFC

When the motor speed rises, the deadbeat command
voltage vector (labeled V(riqsiDB(k)Ts) approaches the

hexagon-shaped voltage limit boundary, as shown in Fig. 2.
The flux weakening operation starts on this boundary, where
the speed is called the base speed (®y, )).

Above the base speed, ngs pB (k)T is located outside

the voltage limit. In this operation, the command voltage
vector needs to be scaled back due to physical limits. For full
utilization of the physical resources, both the voltage and
current constraints should be considered when modifying the
command voltage vector [5].

The stator current at the next sample time will exist on the
current limit as:

i(ris(k+l)2 +ias(k+1)2 :Igmax (1

where I ... represents the maximum current limited by

the inverter current rating. The modified voltage will be on
the rotating hexagon voltage limit in the d-q Volt-sec plane.
The FSS-DTFC suggests that the intersection of the current
limited ellipse and the rotating hexagon becomes a feasible
voltage vector in the next sampling instant [5]-[7].

The ac motor voltage and stator flux linkage equation in
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Fig. 3. SSCL trajectories with the rotor speed.

the rotor reference frame can be written in the following
discrete time form:

Ldifls(k + 1) - Ldigs(k) _

Vcris(k) = Rsi(ris(k) + T wrxas(k)
L il (k 1)S L,it (k) @
1 +1)— 1
Vs () = Rif (k) + —£ : T 4o, (k)
S
rds (k)= Lditris (k)+ y"pm
. 3)

AL () = Lgits (6)
where vgqs(k) and iges represent the d-q axis stator

voltage and current vector in the rotor reference frame,

respectively, and P denotes the number of poles. Lgq

indicates the d-q axis inductance, A, is the flux linkage of

the PM, Ry is the stator resistance, and ®, is the rotor

angular velocity.

A. Problem Statements of the SSCL-based FSS-DTFC
At high speeds, the stator voltage can be simplified as:

Vﬁs (k)= —mrkas (k)
. . . “)
Vgs (k) = o Ags (k)
By combining (1), (3), and (4), the SSCL can be described
as an ellipse in the d-q Volt-sec plane:

2
[vgs (k)Ts] N
o LT

Note that (5) moves in the positive g-axis direction with

increasing speed, as shown in Fig. 3. In the SSCL-based

FSS-DTFC method, a modified stator Volt-sec solution on

the associated rotating hexagon boundary can be uniquely

selected, while weakening the motor flux at a given rotor
speed [5].

However, at higher speeds, the raised SSCL ellipse may

Vas ) Ts —0dpm T
o:LgTg

= Iszmax - (%)

cause two adjacent points that satisfy the torque generation
requirements, as shown in Fig. 4(a) (~170% of }, in the

testing motor). The choice of which point to use as a new
command voltage vector is made by developing an additional
voltage selection rule to meet the particular flux weakening
requirement for the next sampling instant. In addition,
Volt-sec solutions start vanishing from 170% of ®y, as
shown in Fig. 4(b).

Moreover, due to the fluctuating trajectories of the selected
intersection, a command voltage progressively includes a
certain amount of harmonics with multiples of six times the
fundamental frequency with increasing rotor speeds [5].
These add-on harmonics may create unnecessary losses and
can lead to unwanted mechanical vibrations.

The SSCL-based FSS-DTFC is penalized due to the

instantaneous over-current that is not bounded within I, ,

because the SSCL is only valid at the steady-state. Fig. 5
presents a simulation of the current magnitude waveform of
the SSCL-based FSS-DTFC operation when I, is set to

4 A, which is the maximum motor current in a real system.
Here, the harmonics and ripples from the PWM inverter
operation were ignored to investigate the stator current
characteristics staying on the current boundary.

This makes it very challenging to design and protect the
inverter from over-current trips. These secondary upsets
provide a compelling impetus to seek out an enhanced
FSS-DTFC strategy a for more reliable and straightforward
ac motor control.

B. Principle of the DTCL-Based Enhanced FSS-DTFC

Here, the purpose is to build a genuine discrete-time-based
FSS-DTFC when physical limits are encountered. Equation
(2) can be rewritten as:

Lyigs(k+1)=vi (KT, +a

, . (6)
Lyigs(k+1) =vg (KT +P

where o= —Rgigs(K)T; +Lgigs(k) + 0 Ags(K)Ty  and

B=—Rigs(K) T +Lgigs(k) — o Ags(k) T . Then, the stator
flux linkage becomes:

Lgs(k+1) =vi (T, + Apm +0 -
)"as(k +1)= Vas(k)Ts + B

The DTCL can be obtained by combining (1), (6), and (7)
as:

2 2
VasT o | Vas(OTg +B | 2 ®
Ld L Ssmax

q

which forms the large ellipse in pink, at the base speed,
shown in Fig. 6(a). Fig. 6(b) shows a zoomed snapshot near
the hexagon of Fig. 6(a) with the rotor speed elevation. The
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Fig. 4. The SSCL-based FSS-DTFC voltage selection at high speeds.
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Fig. 5. The instantaneous over-current.

ellipse origin shifts upward as the rotor speed increases. An
examination of whether the DTCL ellipse changes the
Volt-sec solution trajectory significantly, when compared to
that of the SSCL, would be an interesting subject.

The corresponding ellipse shape guarantees a unique
Volt-sec solution for achieving a desired torque up to the
theoretical maximum rotor speed, while satisfying the flux
weakening requirements. This means that no additional
voltage selection rules are required for multiple intersections
in the entire operating range. In addition, the intersection
trajectories stay in a considerably low fluctuation interval on
the horizontal axis of the synchronous d-q Volt-sec plane,
which suggests that no add-on harmonics appear in the
command voltage vector. The stator current is bounded
within Iy, as shown in Fig. 7, because the enhanced
FSS-DTFC is performed based on discretized current
constraints. This offers significant benefits in terms of
inverter protection over the SSCL-based DTFC.

A selected voltage vector at the intersection of the DTCL
ellipse and the rotating hexagon boundary can be obtained as
follows:
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(b) Nonexistence of Volt-sec solution.

Ba —Vﬁg —4a4v4

20,de

Vi pss(k) =—
©)

B
VasiFSS(k) = MnV(ris(k) +T_n
s

where oty =(Lg)?+ (MyLg)°,
Ba=2a(Ly)*+2M, (B, +B) (Ly)°.

2 2 2 2
and  yq =(alq)” +(By +P)"(Lg)” —(LaLglsmax)” -
The boundary of each rotating hexagon sector can be

modeled as a straight line in the d-q Volt-sec plane [5].
Vtr]s (k)rs =M, V(ris (k)Ts +B, (10)

where M, and B, are constant values given by the boundary
of each hexagon sector.
In practice, the inevitable measurement and switching

noise of i(riqs(k) can cause fluctuations of the DTCL

trajectory in (8). Therefore, using an estimated current from a
closed loop stator current observer [4]-[6] is desirable for
avoiding the ringing associated with current noises as:

2 AN\ 2
[vgs T, +&J L[ Ya®T B

Lq

2
Ly = Igmax  (11)

where:

& =R i (0T +Lgig (k) + oAk KT, and

B =R i (KT, +Lyiks (k) — oAk (KT, .

[T

The superscript
that are estimated.
Fig. 8 shows an overall block diagram of the control
system with the proposed enhanced FSS-DTFC algorithm. A
discrete time Gopinath-style stator flux linkage observer is
integrated into the enhanced FSS-DTFC system and is an

represents the corresponding variables
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Fig. 6. DTCL-based FSS-DTFC voltage selection at high speeds.
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Fig. 7. Stator current magnitude of the enhanced FSS-DTFC.

important part for estimating the stator flux linkage [4]-[6].
For the stator flux linkage observer, the cross-coupling is
decoupled when the stator current observer is developed.

IV. EXPERIMENTAL RESULTS

The proposed DTCL-based FSS-DTFC algorithm was
implemented on a 900 W IPMSM, as described in Table I. A
2500-pulse-per-revolution encoder 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 [8]. The algorithm was
implemented in an inverter with a constant PWM switching
frequency of 5 kHz. Multidimensional map data tables were
prepared to achieve accurate torque control based on
steady-state measurements of the motor physical quantities
[9], [10]. The stator current observer was designed in the
rotor reference frame and its bandwidth was set to 200 Hz.

Test results in the motoring operation are depicted in Fig. 9,
where the rotor speed, air-gap torque, measured d-q stator
current, and stator current magnitude are illustrated from top
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(b) DTCL trajectories with the rotor speed.
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Fig. 9. Test results of the proposed enhanced DTFC.

to bottom. Here, the advent of flux weakening occurs at
around 1300 r/min (t = 58 ms) and I, is set as 4 A. The

waveform of the air-gap torque shows that a smooth
transition occurs between the DB-DTFC and the FSS-DTFC.
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Fig. 10. Voltage waveforms of the SSCL-based FSS-DTFC.

The stator current is always bounded within Ig... in the

FSS-DTFC mode, as illustrated in the bottom plot, because
the enhanced FSS-DTFC works based on the discrete-time
version of the current limit. This indicates that the developed
voltage selection approach was successfully applied to the
IPMSM with discrete-time physical limits. The resulting
controller works reliably with the DB-DTFC and the
proposed enhanced FSS-DTFC over the entire operating
space.

Fig. 10 shows a spectral comparison of the d-q axis voltage
command waveform of (5) in the stationary reference frame
from starting to 3100 r/min. As mentioned above, the
SSCL-based DTFC gives command voltage distortions with
multiples of six times the fundamental frequency. These
add-on harmonics may create unnecessary losses and can lead
to mechanical vibrations.
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Fig. 11. Voltage waveforms of the DTCL-based FSS-DTFC.

Fig. 11 shows the selected d-q command voltage waveform
of (11) from starting to 3100 r/min. In the SSCL-based
FSS-DTFC, the magnitudes of the 5-th and 7-th components
are 5 and 3 V, respectively, while those of the proposed
method are less than 1 V. On the other hand, the fundamental
component amplitude DTCL-based
FSS-DTFC. The unbalanced component and the low-order
harmonics observed in the SSCL-based DTFC were reduced
remarkably because the proposed intersection stays in a
considerably low fluctuation interval. In the proposed
FSS-DTFC, the magnitudes of the 5-th and 7-th components
are less than 1 V, while those of the SSCL-based FSS-DTFC
are 5 and 3 V, respectively. On the other hand, the
fundamental component amplitude increases in the proposed
method. This can be confirmed from the x-y locus, where the

increases in the

resulting controller remains within the maximum voltage
bound in the voltage limited condition.
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TABLE 1
RATINGS AND KNOWN PARAMETERS OF 900W IPMSM

Ratings and Parameters Value Unit
Rated torque 2.9 Nm
Number of poles 8
Base speed@150 Vg, 1300 r/min
L4 8.5 mH
Lq 20.2 mH
Mpm 0.115 Wb
| ( |
| Ll L T |ili| ol
Imag
[0.1A/div]
L |
S A L M I A
Time[10ms/div]
(a) SSCL-based FSS-DTFC.
lmag LT LA
[0.1A/div] 0l T

Time[10ms/div]
(b) Enhanced FSS-DTFC with the measured current.

I

mag

[0.1A/div]
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(c) Enhanced FSS-DTFC using the estimated current.
Fig. 12. Comparison of the stator current magnitude.

To assess how the proposed controller binds the stator
current within the prescribed inverter current limit, the stator
current magnitudes were compared, as shown in Fig. 12.
Since it was contaminated by strong notching, the current
signal in Fig. 12(a) was not sufficient to avoid instantaneous
over-current. The irregular ripples associated with current
measurement noise [see Fig 12(b)] are unsuitable for reliable
current restrictions. On the other hand, when a properly
estimated current is utilized, as shown in Fig. 12(c), the
system achieves a stable response with a minimum amount of
spike in the presence of sampled noise. This makes the
proposed algorithm quite promising for inverter designs
operating at various voltage limits.

V. CONCLUSIONS

The major contribution of this work is the development of
a method to compute real time physical constraints for
IPMSMs during voltage-limited operation. The enhanced
version of the SSCL-based DTFC method makes a discrete
time current limit to facilitate optimal voltage vector choices.
The algorithm has the advantages of providing adequate
results over a number of potential secondary upsets of a
SSCL-based DTFC. The proposed control law dynamically
scales the voltage vectors on the hexagonal voltage boundary
based on a discrete-time version of the physical constraints.
The inverter voltage can be more fully utilized via the
DTCL-based DTFC than with the SSCL-based DTFC. In
addition to the stator flux linkage and torque observer, a
closed loop stator current observer is essential for accurately
tracking and estimating changes in current in each switching
period. This analytical solution leads to optimal voltage
modifications at each time step with respect to the available
inverter voltage.
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