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Model Predictive Direct Torque Control With Finite
Control Set for PMSM Drive Systems, Part 2: Field

Weakening Operation

Matthias Preindl and Silverio Bolognani, Member, IEEE

Abstract—The direct torque control approach called model pre-
dictive direct torque control (MP-DTC) is extended to field-weak-
ening operation in this research. The controller is of the finite con-
trol set (FCS) type, which takes the discrete states of the voltage
source inverter (VSI) into account. Each sampling period, the fu-
ture behavior of the plant is predicted and inputs (voltage vec-
tors) are selected using an optimization criterion, i.e., a cost func-
tion. Optimization, however, depend on the operation region. Max-
imum torque per ampere (MTPA) tracking for high electrical ef-
ficiency is aimed below rated speed, operation off the MTPA tra-
jectory is necessary for obtaining field-weakening. In this work, a
cost function is designed, which is suitable for operation at high
speeds without penalizing operation below rated speed. MP-DTC
is applied to permanent magnet synchronous machine (PMSM)
drive systems. High control performances, i.e., dynamics, is ob-
tained without increasing the switching frequency nor reducing
significantly the torque quality. This feature is interesting above
all for high power applications. The proposed control strategy has
been evaluated on a small-scale (PMSM) drive system with two-
level VSI for demonstration showing promising results.

Index Terms—Drive systems, field-weakening, internal perma-
nent magnet synchronous machine (IPM), model predictive con-
trol (MPC).

NOMENCLATURE
ReR4 Stator resistance [€2]
L4, L, €  Stator inductance (d, q axis, resp.) [H]
Ry
e R4 PM flux linkage [W]
BeRy Friction coefficient [kgrn/s%]
J e Ry Inertia coefficient [kgm?]
u4, 4y € R Stator voltage (d, g axis, resp.) [V]
id.tq € R Stator current (d, ¢ axis, resp.) [4]
U, € Ry  Rated stator voltage [V]
I, € Ry Rated stator current [A]
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U, € Ry  DC-link voltage [V]

N, € Ny Number of inverter switching states
#eR Electrical rotor angle [rad]
weR Electrical rotor speed [rad/s]
n€R Electrical rotor speed [rpm)

T. € R Electrical torque [Nmn]

T eER Load torque [INm]

te Ry Time [9]

T, e Ry Sampling period [s]

ke Ny Sample

N e Ny Prediction horizon

T. € Ry Execution time [s]

fsw € Ry Switching frequency [H z]
fswp € Theoretic peak switching frequency [H z]
Ry

* Reference value

r € R", Plant states

n € Ny

u € R™,  Controlled plant inputs

m € Ny

y € R", Measurements

7 € N4

A € State parameter matrix

R7x7

B € Input parameter matrix

R7xm

E € R™*? Disturbance parameter matrix
C € R™*™ Measurement parameter matrix

I. INTRODUCTION

ODEL predictive control (MPC) is a control concept
which uses a system model to predict the future system
states in discrete time steps. A constant and finite number of
future states are predicted, where the number is called predic-
tion horizon N [1]. MPC is also called receding horizon control
since IV is constant with respect to the actual sampling instant,
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i.e., it moves over the time. After prediction, the optimal control
action should be selected. Of course, optimality can be obtained
only with respect to a mathematical formulation, which is the
cost function [2]. This function is designed with respect to the
problem statement and it is used to choose the plant input. More-
over, MPC can handle complex problem statements including
nonlinear systems, MIMO systems, and system constraints in
an unified manner. This capability makes it fairly special and it
is appreciated by many scientists [3].

Different MPC strategies have been proposed in literature.
Prediction and computation of the cost function can be very
time-consuming. Thus, the problem can be solved online or
offline leading to strategies, which are called realtime [4]-[6]
or explicit MPC [3], [7], respectively. Sampling time scales in
power electronic and drive applications are usually fairly small.
Thus, the prediction horizon of on-line MPC implementations
must be limited to a few periods [2].

Moreover, a power electronic converter has a discrete set of
switching states, i.e., plant inputs. Thus, MPC can be of the
continuous control set (CCS) type, which means the converter
is linearized using a modulation scheme [8], e.g., pulse width
modulation PWM [9]. Concepts which take into account the
discrete nature of the device are called Finite Control Set (FCS)
MPC [10], [11].

Many applications of MPC in the area of power electronics
and drives are shown in literature [12] including low-power,
servo drives [7], [13], [14], rectifiers [15], [16], high power con-
verters [17], [18]. In high power systems, the semiconductor de-
vices have high switching losses and require low switching fre-
quencies. Modulation schemes couple switching and sampling
frequency limiting the possible dynamics of the system above
all if linear controllers are used. Strategies, which apply directly
voltage vectors are, e.g., hysteresis based [19], [20] controllers.
A typical drawback of this strategies is the reduction of the cur-
rent and torque quality.

MP-DTC concept is proposed as an alternative to these
control schemes aiming high dynamic performance without
reducing the current and torque quality. The concept takes the
discrete nature of the converter into account and it is therefore
from the FCS-MPC type. The concept aims high power appli-
cations in first place. Examples are traction (train, tram) [21],
ship propulsion [22], and renewable energy power plants (wind
power) [23]. Anyway, the concept is not limited to high power
applications, but the lower switching frequencies allow lower
sampling times. Thus, demands on execution time are relaxed.

Over-speed capabilities are required in several applications
like traction, power generation, etc. Therefore, MP-DTC must
be suitable for field-weakening. Traditional field-weakening
concepts [24], [25] are separated from the current and speed
control. They introduce an additional negative d-current which
produces a voltage drop which opposes the rotor flux resulting
in a lower stator voltage. However, such an explicit formulation
cannot be combined with MP-DTC since the d-current cannot
be directly set because it is an internal control variable. An
implicit formulation is required and is introduced into the
cost function. Moreover, control goals depend on the type of
operation of the machine. Below rated speed, a PMSM should
work on the maximum torque per ampere (MTPA) trajectory
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Fig. I. PMSM-VSI drive sytem.

for obtaining high electrical efficiency. Above rated speed, op-
eration off the MTPA trajectory is required for obtaining higher
speeds. The preferable operation conditions in this regions are
defined and implemented.

This paper is organized as follows. The plant is analyzed in
Section II and the main control goals are defined in the same
section. In Section III, an overview of the MP-DTC controller
design is given and the design for field weakening is shown. The
simulation and experimental results are shown in Section IV.
The paper is concludes with a summary in Section V.

II. ANALYSIS

A. Plant

The stator equations of a generic permanent magnet syn-
chronous machine (PMSM) model is in the rotating (dq)
reference frame and continuous time

g L,
g = Ld — g+ L—dwlq + L—dud
. R . Ly 1 z/}
zq:fL—qzqf qutd—l—Lq q*L—qw. 1
The torque equation is
1. = 51’(1/”’(1 + (La — Lg)iaiq) 2
and the mechanical equations are
b5
v=—-= T, — T
w i + J( 1)
=w. 3)

For controlling the currents, (1) is from interest, which can
be written in the state-space form

&(t) = Az(t) + Bu(t) + E

y(t) = Ca(t) (4)

where & = [ig, 447, u = [ug,u,]", and

R L 1
kR e — 0
A= LL; i B:[Lod L]
YI, "I, T,
0 1 0
E_{—w%} C_[o 1}
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Fig. 2. MP-DTC state plane in pu values: A—current limit; B—MTPA con-
dition stability limit; C—MTPA trajectory; D—MTPV trajectory; E*—con-
stant torque operation; F*—constant power operation 1: voltage limit cuts the
MTPA trajectory; G*—constant power operation 2: voltage limit cuts neither
MTPA nor MTPV trajectory, flux weakening is necessary in no-load conditions;
H*—reduced power operation: maximum torque is not produced by rated cur-
rent but on MTPV trajectory; (*) marked trajectories are speed dependent and
vary with the arrow w.

w is a parameter in this model, which holds if the mechanical and
electrical time constant differs significantly, which is the case in
most practical applications. Since torque control is focused, (2)
is also used for control.

A voltage source inverter (VSI) is used for power conversion,
which sets the stator voltage, i.e., the plant inputs. Since no mod-
ulation scheme is used, it can apply a finite set of voltages U
to the motor, i.e., u(t) € U C R™. Moreover, the application
period of voltage vectors is known, i.e., the possible electrical
states are z(t) € X C R™. In other words, the possible inputs
are a finite set leading to a finite set of future states, which can
be computed with respect to the inputs and measurements.

B. Control

MP-DTC is a controller aiming practical asymptotic
stability [26] and practical torque reference tracking
lim, o0 || — 2*|| < €. These goals are obtained considering
the plant limits of states and inputs. Moreover, additional
control goals are taken into account such as MTPA tracking.

C. Field Weakening

Below rated speed, MP-DTC works on the MTPA trajectory.
In this case, the inverter voltage is always sufficient to control
the stator currents. Rated torque can be obtained independently
from the machine speed. Below rated speed, the amplitude of
the currents need to be limited (trajectory A in Fig. 2). More-
over, the solution of the MTPA [see (7)] is not unique, i.e., it
is symmetric with respect to iy = 2(Ls — L,)/(3). In order to
force the states to convergence to the correct solution, operation
is limited to #g < 2(Ly — Ly) /(%) (trajectory B in Fig. 2). Op-
eration below rated speed is shown in detail in [27].

In various applications, the rated speed must be exceeded ac-
cepting a reduction of the maximal available torque. In this case
the steady-state terminal voltage exceeds the maximum admis-
sible one, which is given by the DC-link voltage. In order to
reduce the terminal voltage, a negative d-axis current is intro-
duced. This current leads to a voltage drop, which counterbal-

IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. 9, NO. 2, MAY 2013

ances the electromotive force (emf) generated by the rotor flux.
With this principle arises the so called field weakening opera-
tion.

Traditional field weakening concepts use the d-axis currents
as plant input [24]. For flux weakening, i.e., decreasing the stator
voltage, a negative iy current is injected. This concept works if
id > —()/(Ld). Beyond this limit, i.e., id < —(¢)/(Ld), also
a reduction of the g-axis current is required for decreasing the
stator voltage. Thus, id > —(v)/(Ld) defines the stable opera-
tion region for such concepts. More advanced concepts may act
on the current angle or both currents assuming that an increase
of the absolute current corresponds to an increase of torque [24].
In this case, the stable region is slightly extended but the MTPV
curve (trajectory D in Fig. 2) becomes the stability limit. This
limit is given by the fact that on the left side of the MTPV
trajectory, an increase of the absolute current does not corre-
spond to an increase of the torque but to a decrease. Thus, a
state-of-the-art field weakening controller should be stable at
the right-hand side of the MTPV criteria (trajectory D in Fig. 2)
for exploiting the physically possible range but avoid operation
at the left-hand side since it leads to lower torques with higher
currents.

MP-DTC is not suitable for such approaches since the d-cur-
rent cannot be explicitly set and no average voltage is available
for measurement. For this reason, an implicit handling of the
field-weakening concept is implemented. Using the implicit for-
mulation, stability (at the right-hand side of the MTPYV criteria)
is given. Operation at the left-hand side of the MTPV criteria is
avoided introducing it as constraint (trajectory D in Fig. 2).

Field weakening is obtained introducing the voltage limit into
the electrical, i.e., MP-DTC state plane

wly/ (Loia)? + (Laia + )2 < U, 5)
which is obtained assuming steady state conditions #(t) = 0
and zero resistances. These assumptions lead to a d-axis sym-
metric criteria. Thus, the electrical states are limited by the tra-
jectories A, B, and D in Fig. 2, which are constant and indepen-
dent from the operating conditions of the electrical machine. On
the other hand, the speed limit varies and it has a different in-
fluence on the electrical machine, which depends on the speed.
Examples for the speed limit are the trajectories E*, F'*, G*,
and H* in Fig. 2 for different speeds, where () indicates that
the limit changes with w. Of course, during operation only one
trajectory is active and its location must be calculated given the
speed w.

With respect to voltage limit, i.e., the PMSM speed, four op-

erating conditions can be identified:

» Constant torque operation: MP-DTC works on the MTPA
trajectory (trajectory C in Fig. 2) below rated speed for
high efficiency. The voltage limit (trajectory E in Fig. 2)
does not influence the operation. Constant torque operation
happens if the voltage limit (e.g., trajectory £* in Fig. 2)
stays on the right of the MTPA trajectory (trajectory C' in
Fig. 2). In this case, the electrical states x are forced to be
in the area delimited by the trajectories A, B, D, and E*.

» Constant power (volt-ampere) operation 1: The maximum
torque must be reduced, since the terminal voltage must
be limited to its rated value beyond rated speed. How-
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ever, rated apparent power can be obtained. This region
is characterized by the voltage limit which cuts the MTPA
trajectory. For obtaining high efficiency, the states should
lay on the MTPA trajectory in the case of operation with
low torques. In the case of high torques, they should stay
close to the voltage limit. In contrast to the other regions,
two potentially conflicting operating conditions (close to
MTPA and voltage trajectory, which are trajectory C and F
in Fig. 2, respectively) are aimed in this region. The prefer-
able one depend on the required electrical torque. Thus,
constant power (volt-ampere) operation 1 happens if the
voltage limit (e.g., trajectory F™* in Fig. 2) intersects the
MTPA trajectory (trajectory C' in Fig. 2). In this case, the
electrical states « are forced to be in the area delimited by
the trajectories A, D), and F™.

» Constant power (volt-ampere) operation 2: Also in this

case, the peak torque must be reduced according to the
voltage limit. This region is characterized by a voltage
limit, which cuts neither the MTPA (trajectory C in Fig. 2)
nor the MTPV (trajectory D in Fig. 2) trajectory. The
voltage limit, i.e., flux weakening is always active even in
no load conditions. Thus, constant power (volt-ampere)
operation 2 happens if the voltage limit (e.g., trajectory
G™ in Fig. 2) stays on the left of the the MTPA trajectory
(trajectory C' in Fig. 2) and the voltage limit ends cutting
the peak current limit (trajectory A in Fig. 2). In this case,
the electrical states x are forced to be in the area delimited
by the trajectories A, D, and G*.
A distinction between constant power operation 1 and 2
becomes necessary since the goals for obtaining high ef-
ficiency at low torques (low absolute currents) changes.
In the first case, operation close to the MTPA trajectory
should be aimed. In the latter case, this operation is not pos-
sible anymore and the operation close to the voltage limit
is aimed.

* Reduced power (volt-ampere) operation: At even higher
speed, there exists a conceptual limit where the torque
cannot be increased anymore. This limit is given by the
MTPYV trajectory (21) and it is shown as trajectory D in
Fig. 2. On the left side of the trajectory, the torque de-
creases and operation becomes disadvantageous. Accord-
ingly the peak current is limited to the left side of the
MTPV trajectory. Thus, reduced power (volt-ampere) op-
eration happens if the voltage limit (e.g., trajectory H* in
Fig. 2) stays on the left of the MTPA trajectory (trajectory
C in Fig. 2) and the voltage limit ends cutting the MTPV
limit (trajectory D) in Fig. 2). In this case, the electrical
states «: are forced to be in the area delimited by the trajec-
tories I, and H*.

The cases are shown in Fig. 2.

III. SYNTHESIS

The extension of MP-DTC to field-weakening operation is
shown in this section. First, a brief outline of the basic controller
is shown. Then, the required modifications of the controller are
shown.

I k input application
k input decision: cost function,
Prediction states (k+7)to Ns
(k-1) state measurement and delay compensation

- I MP-DTC execution

| | |
[ [ [ [

k-1 k k+1

Fig. 3. Execution of the MP-DTC algorithm.

A. MP-DTC Outline

The controller works in four basic steps. The controller is ex-
ecuted in sampling instant £ — 1, based on the measurements
in sampling instant £ — 1 and the controller sets the plant input
in sampling instant k. After measurement (k — 1), the execu-
tion delay (£ — 1 to k) is compensated [28]. The second step
is the prediction of the plant states up to prediction horizon
(k+1),..., N and the third step is the selection of the plant
input for sampling instant %. Finally, the controller actuates the
plant input at sampling instant k. The MP-DTC execution is
shown in Fig. 3.

1) Measurement: The measurement y(k — 1) is manipulated
due to the plant input w(k—1) and the plant itself 2:(k—1). Since
the execution time 7}, of the controller is finite, a unit delay is
introduced by the controller between the measurement in & — 1
and the actuation in . Since the states may be manipulated sig-
nificantly during the delay, compensation of the measurement
from &k — 1 to k is necessary. Thus, the actual states (k) are cal-
culated using the measurement y(k — 1) and the inputs w(k—1).

Moreover, noise and not modeled sensor delay can influence
significantly the steady-state performance resulting in large rip-
ples. For this reason, e.g., Kalman filters [29] can be used. In
this research, a Luenberger observer [30] is preferred due to
its simplicity. Introducing an integrative part to the observer,
steady-state prediction offsets are avoided, too. The observer is
described in detail in [27].

2) Prediction: The possible inputs of a power converter
without modulator are a finite set U (k) of u, and u, combina-
tions leading to a finite set of future states X (k + 1), which can
be computed. Using a recursive function, the possible future
states can be calculated up to the prediction horizon N. How-
ever, the number of predictions increases exponentially with
the prediction horizon (N, )". Thus, the prediction horizon
must be limited to a few sampling periods for a real time
implementation.

The number of predictions can be limited using a state graph
[5]. The future states are limited to the converter switch states,
which can be reached with the modification of a single leg state
change. In other words, if a given vector is applied in a sam-
pling period, the vector itself, the neighbor vectors, and a zero
vector is available in the next period. The switching graph has
additional benefits. The average switching frequency is limited
since only one switch change is permitted per sampling period.
The theoretic peak switching frequency is [5] fswp = (675) 7 '.
Moreover, the application of two opposite voltage vectors, the
so called bipolar switching, is avoided.
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3) Selection: The future plant input is selected using a cost
function. The function must choose the optimal one between
the ones, which has been predicted. Of course, optimality can
be obtained only with respect to a criteria, i.e., a mathematical
function.

The cost function is subdivided in three criteria. First, a
tracking criteria is designed. Since the controller aims the
tracking of the torque reference, the goal is the minimization
of the relative error

er(k) = (To(k) — T2 (K))? (6)
which is the main component of the cost function.

Torque can be obtained by various combinations of the elec-
trical states x. However, there are preferences how the torque
should be generated. Thus, the second criteria introduces an at-
traction region in the state plane. Low current is, e.g., prefer-
able due to efficiency considerations. Thus, the operation on the
MTPA trajectory is chosen as attraction function [27]

2
)
P

where the second term is the MTPA trajectory equation.
Working on this trajectory leads to an operation with high
efficiency. For operation close to the MTPA trajectory, oper-
ation off the trajectory is penalized introducing a cost, which
increases with the distance to the trajectory.

Last but not least, limitations can be introduced for avoiding
undesired states. The states cannot assume any value but must

be limited to their rated values
I —Jii+i2 <0 (8)

cra(k) = {glr — /i3 +7;g)2

Moreover, (7) has two solutions and it is symmetric. In order to
avoid convergence to the wrong solution, the states are limited
to the correct side of the symmetry axis using [27]

car(k) = (ld + 7

2

Lg-Lg . Lg-Lg .

cra(k) = { (2—11,;, a4+ 1) ’2—]1‘,} g +1<0 9)
0

where the symmetry axis is given by the expression
2(Lg — Lg)/(¢)ig + 1 = 0. The last limitation, has a minor
influence on control since it avoids the case ¢3 > 0. Operation
in this region comes along with major drawbacks: increase
of flux and voltage, and reduction of the torque, i.e., it is not
interesting anyway.

After the definition of the components of the cost function,
the cost of each state is computed with

N /\TCT(]C + L)-l—

Cky =Y | +hacalk+i)+
=0 +/\LCL(AZ + L)

(10)

where Ar., A4, Az are weighting coefficients, which defines the
importance of a goal with respect to the others. The terms ¢ 4
and ¢y are ¢y = cay andep = Y. cp; = ep1 + ¢po in the
nonfield-weakening case and they are revised for operation in
the field-weakening case.
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B. Field Weakening Operation

For operation at high speed, the MP-DTC structure remains
the same. However, the cost function must be revised. More pre-
cisely, suitable limitations and attraction regions must be intro-
duced.

1) Limitation: The voltage must be limited according to the
available voltage (5), which is given by the DC link, i.e., the
rated PMSM terminal voltage U, = (U.)/(v/3). Thus, the
(speed dependent) limit is introduced

S
V3ol

& = \/(Lyiy)? + (Luia + 0)?
cm(k) = {gzg <0

where ¢ € [0,1] C Ry is a safety factor.
Moreover, for avoiding stability issues at high speeds, the
electrical states are limited to the space on the right of the MTPV

trajectory
2 Ld
)= — 2— —11}i
1 I + ¢ ( 7, ) iq

Lq -2 Lq 72
+Ld<L—q—1)’I,(]+Lq<L—d—l ’I/q

2
cra(k) = {ﬁ 7 <0

(11)

0. (12)

2) Attraction Region: Assuming the MTPA criteria as attrac-
tion region, the states will not leave the trajectory and the torque
will be limited according to the voltage limit. In other words, the
controller will work with reduced torque in the constant power
region 1 and cannot achieve the constant power region 2 nor the
reduced power region. In order to reach these regions, a path
must be created close to the voltage limit in order to attract, i.e.,
not penalize the states for working in these conditions.

Thus, two attraction regions exists. In the constant torque re-
gion, it is the MTPA trajectory and it is an attraction to the inside
of the voltage limit in the constant power region 2 and reduced
power region. In the constant power region 1 both attraction re-
gions should be active. Costs are generally summed, e.g., costs
of limits ¢7,. However, the costs of the attraction region are gen-
erally different from zero and will influence each other. Thus,
the criteria must be designed for being compatible and an exclu-
sion function is required which decides which criteria is active.

The MTPA criteria (7) is written in the current space. For
unification, the field weakening attraction region, i.e., voltage
limit, is rewritten also in this space

! 2 / 2 g
cm(k) = \/( 32 ) + (z‘l 1,;) \/g— rd
(13)

This unification is necessary for making the resulting costs i.c.,
the distances from the trajectories comparable.

At this point it is necessary to choose, which attraction region
is active. The voltage limit is active, i.e., c4(k) = caa(k), if

» The state is located on the left side of the MTPA trajectory

o cao(k) < car(k)
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Fig. 4. Attraction region and plant limits: (A) constant torque region; (B) constant power region 1; (C) constant power region 2; (D) reduced power region.

otherwise the MTPA attraction region, i.e., c4 (k) = ca1(k),
is active.

The costs associated to the attraction region are shown in
Fig. 4, where also the limitations are shown. The regions are
shown for the four cases, which depend on the speed: Fig. 4(A)
constant torque region, Fig. 4(B) constant power region 1,
Fig. 4(C) constant power region 2, and Fig. 4(D) reduced
power region. The states are forced to stay at the inside of
the region by the limitations. Preferences, where the states
should stay, are expressed by the attraction region. It is given
by the MTPA criteria c4; in Fig. 4(A), both the MTPA c4; and
voltage c 4> criteria in Fig. 4(B), and the voltage criteria ¢ 42 in
Fig. 4(C) and (D).

IV. EVALUATION

The concept has been developed using the simulation plat-
form MATLAB-Simulink and it has been evaluated on an
experimental test bench. The system characteristics of the
PMSM-VSI drive system are shown in Table I. The DC-link
has been reduced for being able to show operation in all flux
weakening regions, which are:

+ constant torque region: 7 < 620 rpm;

+ constant power region 1 : 620 rpm < n < 1250 rpm;

+ constant power region 2 : 1250 rpm < n < 1400 rpm;

 reduced power region: n > 1400 rpm

The experimental test bench has been designed for evaluation
of power converter control systems, but it has some limitations.
First, a basic 40 MHz DSP board is used for control, which has
some limits in terms of calculation power. Moreover, the test
bench has a diode bridge at grid side. This grid connection is
suitable for operation as long energy regeneration is avoided.

TABLE 1
PLANT DATA

Control
Sampling time T’ 100ps
Theoretic peak switching freq. fswp 1.66kHz

Converter
Type 2-level VSI
DC-link voltage Ugc 100V
Rated current I 10A
Interlock time 7T lus

Electrical Machine

Type IPM-SM
Inductance (d axis) Lg 12mH
Inductance (q axis) Lq 20mH
Stator resistance R 636mSQ2
PM rotor flux ¢ 88mWb
Pole pairs p 5
Friction constant B 1.7 - 107 3kgm/s?
Inertia constant J 1.0 - 10~ 3kgm?

A. Development

The controller has been developed in simulation assuming
sufficient calculation power for N = 5. The performance is
shown assuming a positive and negative 2000 rpm speed refer-
ence step at ¢ = 0.0 s and £ = 0.6 s, respectively. The results
are shown in Fig. 5.

At low speed, the torque is constant and the acceleration is
linear. At higher speed, the torque must be reduced according to
the voltage limit. This happens introducing a negative d current.
After reaching the reference speed n*, the torque is reduced to
a value which compensates the fiction. Moreover, the machine
operates in reduced power region and the flux must be weakened
also in no load conditions. Thus, a consistent current with d and
q component is necessary to keep the machine in steady-state. At
the inverse speed reference step the controller shows the same
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Fig. 6. Simulation result: states in the state plane of the evaluation in Fig. 5;
(A) electrical states; (B) MTPA trajectory; (C) MTPV trajectory; (D) current
limit; (E) voltage limit at »» = 2000 rpm.

Fig. 5. Simulation result: speed reference steps with prediction horizon N =
5; from top: speed reference and measured speed; electromagnetic torque; ab-
solute, d (blue), and ¢ (green) current; phase currents; switching frequency.

behavior. Unless the fact, that at zero speed no torque for com-
pensating the friction and no field weakening is necessary, i.e.,
the current is reduced to zero. Moreover, the negative reference
step is faster due to friction.

The switching frequency of MP-DTC is variable. Above all
medium and high power converters have a low maximum i.e.,
rated switching frequency due to thermal constraints. For com-
pleteness, the switching frequency is shown in Fig. 5 which
stays below fs,, = 1.66 kHz.

The electrical states, which are obtained for the test in Fig. 5,
are shown in Fig. 6. The states remain on the MTPA trajectory
while working in the constant torque region. In the constant
power regions, the states remain close to the peak current trajec-
tory for obtaining the maximum torque with respect to a given
speed. If the speed is even higher, i.e., in the reduced power re-
gion, the d current is not decreased anymore, and the states stay
around the MTPV criteria. This operation point corresponds to
the states with the peak torque, which can be obtained in this
conditions. The operation in the correct region is detected and
adopted automatically by the cost function.

B. Dynamic Evaluation

The prediction horizon N = 5 cannot be computed due to
the use of the basic DSP board on the experimental test bench.
Instead, the prediction horizon is reduced to N = 1.

The dynamic behavior has been tested applying a positive
speed reference step to the system. The simulation and exper-
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Fig. 7. Simulation and experimental result: speed reference step with predic-
tion horizon N = 1; from top: speed reference and measured speed; elec-
tromagnetic torque; absolute, d (blue), and ¢ (green) current; phase currents;
switching frequency.

imental results are shown in Fig. 7. The negative speed refer-
ence step has been avoided due to the grid connection of the
converter.
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Fig. 8. Simulation result: steady-state operation points with N' = 1: (A) n =
500 rpm; 0 Nm, (B) » = 300 rpm; 2 Nm, (C) n = 500 rpm, 4 Nm; (D)
n = 500 rpm, 6 Nm; (E) n = 1000 rpm, 0 Nm; (F) » = 1000 rpm, 2 Nm; (G)
n = 1000 rpm, 4 Nm; (H) » = 1500 rpm, 0 Nm; (I) » = 1500 rpm, 2 Nm;
(J) n = 2000 rpm, 0 Nm; (K) current limits; (L) voltage limits.

lq[]

Fig. 9. Experimental result: steady-state operation points with ¥ = 1: (A)
7. = 500 rpm, 0 Nm; (B) n = 300 rpm, 2 Nm; (C) n» = 300 rpm, 4 Nm; (D)
n = 500 rpm, 6 Nm; (E) n = 1000 rpm, 0 Nm; (F) » = 1000 rpm, 2 Nm; (G)
7= 1000 rpm, 4 Nm; (H) » = 1500 rpm, 0 Nm; (I) » = 1500 rpm, 2 Nm;
(J) n = 2000 rpm, 0 Nm; (K) current limits; (L) voltage limits.

The N = 1 case shows deterioration effects compared to
the N = 5 case, i.e., the speed reference step takes more time.
The reason is a less precise dynamic torque actuation at higher
speeds. Moreover, a higher prediction horizon leads to a higher
current, i.e., torque quality.

C. Steady-State Evaluation

Different steady-state operation points have been evaluated in
order to verify the controller design. The simulation results are
shown in Fig. 8 and the experimental results are shown in Fig. 9.
Ideally, steady state operation with given conditions (torque,
speed) would lead to a single point on the state plane. On a real
system, the states stay in the neighborhood of this point due to
the power converter switching.

Different load torques have been applied at different speeds:

« n=>500rpm: 7; = {0 Nm, 2Nm, 4 Nm, 6 Nm};
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Fig. 10. Simulation result: steady-state current quality with V. = 1, n = 2000
rpm, fs,, = 1.3 kHz; waveform and spectra; THD = 2.8% referred to rated
current.
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Fig. 11. Experimental result: steady-state current quality with ¥V =1, » =

2000 rpm, f.,, = 1.3 kHz; waveform and spectra; THD = 2.9% referred to
rated current.

e n = 1000 rpm: 7; = {0 Nm, 2 Nm.4 Nm};

e n = 1500 rpm: 7; = {0 Nm, 2 Nm};

e n = 2000 rpm: 7; = 0 Nm

The friction has been compensated in order to gain a torque
actuation which is independent from speed.

The results show an operation according to the controller syn-
thesis. The controller operates on the MTPA trajectory in the
n = 500 rpm case. In the n = 1000 rpm case, the system can
operate on both, the MTPA trajectory at low torques and close
to the voltage limit at higher torques. In the n = 1500 rpm
and n = 2000 rpm case, the controller works also at no load in
field-weakening operation.

D. Current Quality

The current quality in controllers without modulator is
directly coupled with the controller design. Thus, it has been
evaluated in steady-state operation. The simulation results are
shown in 10 and the experimental results are shown in 11.

The spectrum has some white noise, which is given above
all by the stochastic selection of the voltage vectors. Moreover,
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some distinguished harmonics are found in the experimental re-
sults. They are odd harmonics and nonmultiple of three. Above
all, the 5th, 11th, and 13th harmonic are pointed out.

However, amplitude of noise and harmonics are more than
two decades below the amplitude of the fundamental frequency,
which is more than acceptable considering fs,, = 1.3 kHz.
The T'H D referred to the rated current is below 3%. Moreover,
switching harmonics and their related noise are avoided.

On the other hand, the DC-link has been chosen low. This
decision has been taken for being able to show the drive oper-
ation in the four field weakening cases without exceeding the
rated speed of the PMSM. A low DC-link voltage favors gen-
erally a high current quality and deteriorations can be expected
increasing U, [23].

V. CONCLUSION

In this research, MP-DTC has been extended to field-weak-
ening operation, which is required in some medium and high
power drive systems, e.g., traction and power generation.
MP-DTC uses the finite control set MPC approach. Plant inputs
are predicted on-line and the actuation, i.e., the converter
switching state, is chosen by a cost function.

The cost function has three main terms: the reference (torque)
tracking, an attraction region and plant limitations. For making
MP-DTC suitable for field weakening operation, the voltage
limit has been added to the plant limitations. Moreover, the at-
traction region has been redefined. Operation on the maximum
torque per ampere (MTPA) trajectory is desirable at low speed.
At high speeds, operation off the MTPA trajectory is neces-
sary for obtaining field weakening. However, operation with the
lowest admissible current is still aimed.

MP-DTC in field-weakening operation has been evaluated in
simulation and experimentally. The dynamic performance has
been evaluated applying a speed reference step to the system.
Moreover, steady-state operation is shown in the cases: con-
stant torque operation, constant power operation and reduced
power operation applying different load torques. The controller
shows generally satisfactory results and a good correspondence
between design, simulation, and experimentation.

Separately, the steady-state current quality has been evalu-
ated. Harmonics and noise are about two decades below the am-
plitude of the fundamental frequency. Thus, the current quality
is satisfactory for most applications, above all considering the
the switching frequency, which will not exceed 1.66 kHz (the-
oretical maximum value), i.e., 1.3 kHz (steady-state average
value in the case n = 2000 rpm).

The MP-DTC performance in field weakening operation can
be further improved using more powerful controller hardware.
In further work, a substitution of the actual control hardware is
planned.

APPENDIX
MTPV CRITERIA

The Maximum Torque per Volt criteria gives the peak torque,
which can be obtained at a given voltage. Assuming steady
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state conditions and infinitesimal resistances the PMSM ter-
minal voltage is
u? = (whyiy)” + (whaia + )2 (14)

which is an ellipsis, with the center in [ig, 4] = [0, —(¢)/(L4)].
The coordinate transformation

=i~

d=1tg— 7
Lqg

R

g =g (15)
q

transforms the ellipsis in a circle with center in the origin, i.e.,

w® = (wLgil)” + (wLyiy)®. (16)
The torque equation in the d’¢’ coordinate system is
T= 51’)(1/”:1 + (L, — L;)Z:ﬂ;) 17

where L, = (L})/(L,) and L), = L. Transforming into polar
coordinates

iy = I'sin(8")
iy = I' cos(8') (18)
the MTPV condition can be obtained by its definition
oT
— =0.
95 ) (19)

The solution is already known from the MTPA criteria (in the
dq-system), which is
Piy + (Ly — LY) (i —i7) =0. (20)

Transforming into the dg-system, the MTPV condition becomes

2 Ld
—+ (2——1) ia
Lfl Lq

Lq 2 L 2
+Ly | == —-1)is+L, |2 -1}ie=0. (21
Lq d q Ld q ( )
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