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Abstract—Field oriented control (FOC) and Direct torque
control (DTC) are the two most popular vector control methods
for electric motor drives. FOC uses linear controllers and pulse
width modulation (PWM) to control the fundamental components
of the load voltage. On the other hand, DTC is a nonlinear
strategy that directly generates the voltage vectors in the absence
of a modulator. This paper presents a comparative study between
the two control schemes. The pros and cons of both the methods
are separately discussed for two candidate machines: Induction
Machine (IM) and Permanent Magnet Synchronous Machine
(PMSM). The comparison is based on various criteria including
basic control characteristics, dynamic performance, parameter
sensitivity, and implementation complexity. The discussion is
supported with results from various articles, and a criterion to
draw a fair comparison between the performance of the two
schemes is also presented.
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I. INTRODUCTION

OR more than a century, electric motors have been an

integral part of our lives. Without them, there would have
been no Industrial Revolution, and our lifestyle would be quite
different from what we have come to enjoy and expect. Motors
are often unknown and unseen, quietly doing many of the
mundane chores that we take for granted, but they are an
important element of the system [1].

First electric drives were completely DC based, since the
DC motor was for a long time the only type of motor
capable of high dynamic performance. Regardless of its certain
drawbacks — namely a complex construction (especially with a
fully compensated machine), lower efficiency compared to AC
machines, and high cost — the torque control of the DC motor
has nevertheless always been very straightforward, as the air-
gap flux and the torque can be controlled separately. However,
it requires regular maintenance due to its carbon brushes [2].

Over the past few decades, Induction Motors (IMs) have
become the true workhorses for industrial applications due
to their distinct advantages including simple construction,
reliability, robustness, and less maintenance [3], [4]. How-
ever, in recent years, Permanent Magnet Synchronous Motors
(PMSMs) gained significance over IMs due to their superior
efficiency, greater power density and larger high torque to
inertia ratio [S]-[7]. This prominent shift of the industrial
drives from DC to AC drives paved the way for search of better
and reliable control techniques. Additionally, the main driver
behind the advent of advanced control techniques for AC

machines was the decoupled control of torque and flux in a DC
machine. The dynamic performance for both IM and PMSM
drives depends upon the effective control of electromagnetic
torque (7,) and magnetic flux (®) [8].

A. Background

The first speed-controlled AC drives with sinusoidal ex-
citation were Synchronous Machines (SMs), since early in-
verter topologies based on mercury-arc switches were not
capable of handling reactive power. A milestone in the field
of speed control of AC machines was the invention of the
cycloconverter capable of reactive power handling in the early
1930s. This also enabled the use of induction machines in
the speed control, although the dynamic performance and the
stability of the machines were very poor. Induction machines
were more robust and cheaper, and unlike the synchronous
machines they did not have the problem of losing synchronism.
The introduction of the space vector theory for multi-phase
AC machines in 1959 [9], and the theory of pulse width
modulation (PWM) for AC drives in 1964 [10] finally made it
possible for AC motors to be used in speed controlled drives.
This was also due to the introduction of the silicon power
switches in the 1950s, which made it possible to switch higher
currents and voltages at faster speeds [2].

Traditionally scalar control was employed to control flux
and torque by varying the voltage and applied frequency. It
is a simple and economic method that controls the voltage
magnitude in proportion to change in the frequency. The
idea is to maintain a constant magnetising current effectively
keeping the air-gap flux constant [3]. However this method is
characterised by very poor transient (dynamic) performance
and hence is effective in steady state only [3], [4], [11], [12].

Since the speed of an IM is close to synchronous speed,
a better method of speed control is to change the stator
frequency. Consequently the operating slip will be small and
the slip power loss in the rotor circuit will also be small
[13]. However, this would require a frequency converter, which
is expensive. In essence flux regulation schemes such as
Volt/Hertz and current slip frequency control were extensively
used in the industry [14] and provided satisfactory steady state
performance, however the dynamic performance still lagged
DC drives until the early 1970s.

In 1968 the concept of Indirect Field Oriented Control
(IFOC) was put forth by Hasse [15], [16]. Later in 1971 Direct
Field Oriented Control (DFOC) was developed within Siemens
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by Blaschke [17]. Both authors proposed an orientation aligned
with the rotor flux vector. In terms of the adoption by the
industry, Toshiba was the first to implement a vector controlled
AC drive (1979), which consisted of an inverter and an
induction motor. In 1980 Werner Leonhard at the Technische
Universitdt Braunschweig further developed FOC techniques
opening up more opportunities for AC drives.

In FOC the motor equations are transformed (rewritten) in
a coordinate system that rotates in synchronism with rotor
flux vector. In field coordinate system - under constant rotor
flux amplitude there is a linear relationship between control
variables and torque. This transformation has a good physical
basis, as it corresponds to the decoupled torque production in
a separately excited DC motor. However from the theoretical
point of view, the concept of field orientation is not restricted
to rotor flux orientation but also possible with stator or air-
gap flux [18]. In the late 1980s there were few publications
on stator flux orientation [19] that presented some advantages
over the rotor flux-oriented control. A generalization is the
concept of universal field orientation [20].

When in the mid 1980s, it appeared that the control systems
would be standardized on the basis of the FOC philosophy,
there appeared the innovative studies of Depenbrock [21], [22]
and Takahashi and Noguchi [23], which depart from the idea
of coordinate transformation and the analogy with DC motor
control. Depenbrock in 1986 (within Brown Boveri, now
ABB) proposed Direct Self-Control (Direkte Selbstregelung),
intended mainly for high-power drives with voltage source
inverters. Whereas Takahashi and Noguchi (1986) proposed
Direct Torque Control, mainly intended for low and medium
voltage drives. These innovators proposed to replace motor
decoupling with bang-bang self-control, which goes together
very well with on-off operation of inverter semiconductor
power devices. This control strategy is commonly referred
as Direct Torque Control (DTC). Uwe Baader carried out
a deeper study of the DTC concept and made significant
contributions [24].

Unlike FOC with stator current as inner control objec-
tive, Direct Self-Control (DSC) and DTC govern the stator
flux by means of hysteresis controls. DSC was developed
for high power and traction application. Both possess high
torque dynamics compared to FOC. However, both the control
techniques have inherent drawbacks of variable switching
frequency and higher torque ripple. Since then it has been
continuously worked by researchers to overcome these inher-
ent drawbacks. These problems opened various opportunities
for researchers to work on different kinds of strategies to avoid
the variable switching frequency [25]-[27], but sticking to the
fundamental concept of torque control.

B. Organisation of the paper

The paper is organised as follows: In Section 2, the model
of an AC machine is derived based on the fundamental wave
model. The two control schemes for an Induction machine are
presented in Section 3, which is divided into two major parts
containing a detailed description of Field oriented control in

Section 3.1 and Direct torque control in Section 3.2. Section 4
presents a comparison of the two control schemes for various
scenarios with conclusions towards the end. In Section 5
a brief discussion about the control methods of PMSM is
presented with some conclusions and Section 7 concludes the

paper.
II. MODELLING OF THE AC MACHINE
A. Structure of the AC machine

An AC machine mainly consists of stator and rotor wind-
ings. The simplified structure of an AC machine is depicted
in Fig. 1. The stator consists of the phases A, B, C whereas
the rotor holds the phases U, V, W. The following relations
apply for the machines [28]:

e Stator and rotor are built symmetrically.

o The phases of stator and rotor are wound symmetrically.
They are displaced by 2/3 of the pole pitch 7, that means
by 2/3 of half of the spatial period of the magnetomotive
force fundamental wave. The stator phases have N,
windings respectively the rotor phases have /N, windings.

« Both winding sets are connected to a star-point which is
floating.

To determine the rotor position, the mechanical angle 6,,, is
defined (see Fig. 1). The electrical angle . as well as its time
derivative, the electrical speed w,, are related to the mechanical
angle, respectively the rotor speed by the pole pair number p.

0 =p - O (1a)

(1b)

We =P W

For simplicity reasons but without loss of generality the
number of pole pairs p is assumed to be 1. Hence the coils are
displayed by 120° and the mechanical angle is equal to the
electrical angle. When 3-phase balanced voltages are supplied
to the stator windings, a rotating magnetic field with constant
magnitude is created which rotates inside the air-gap with
speed we. This flux is mainly responsible for generation of
torque to enable machine operation.

B. Assumptions for the Fundamental Wave Model

Similar to the DC machine the electromagnetic, mechanical
and thermal processes inside the AC machine are in general
complex and non-linear. For this reason following assumptions
are made for the model [28]:

e The spatial distribution of the magneto-motive force
and the magnetic field in the air-gap are assumed to
be sinusoidal. Therefrom results the name fundamental
wave model. In reality there are harmonic waves of
higher orders. Even though some measures (choice of
slot number and distribution of windings) are taken to
reduce them, they are caused by the discrete position of
the stator/rotor slots and windings and hence can’t be
suppressed completely.

o The magnetic flux has no axial component. We consider
only the cross-sectional area (2D).
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Stator

Rotor

Fig. 1: Principle structure of an AC Machine, z;: Coordinates
w.r.t the Stator; zo: Coordinates w.r.t the Rotor; 6: Angle
between the axes of the phases A and U. [28]

o The magnetic material exhibits linear properties. The ef-
fects of magnetic saturation and hysteresis are neglected.

e Only ohmic losses are considered. Iron and Eddy current
losses are neglected.

o The influence of temperature on resistance and inductance
are neglected.

« All coils of the machine have identical properties i.e. they
are symmetrical.

C. Electrical Differential Equations

Like a DC machine, the electrical equivalent circuit for an
AC machine can be drawn as shown in Fig. 2. The general
electrical differential equation for the AC machine is written

as: d\I/
uk:Rl-in—t’“ )

where the index k stands for the phases (k €{A, B, C, U,
V, W}). The rotor and stator are distinguished by the index
(le€s,r).

d¥y

dt
_

R

Uf

Fig. 2: Equivalent circuit of AC machine [28].

Hence for the stator phases following equations for the
stator voltage ug, described by the current ¢ and the flux
linkage Uj, with the index (k €{A, B, C}) and the resistor Ry
hold true:

. dv

wa = Ryvia+ =2 tA (3a)
. dv

up =R -ip+ 7 tB (3b)
. dv

uc =Ry -ic + —~ tc (3c)

The equations for the rotor phases are described analogously
by the index (k €{U, V, W}) and the resistor R, :

d¥y

UU:Rr'iU"'T (43)
dV

wy = Ry - iy + —dtV (4b)
. AV

ww = Ry - iy + —dtW (4c)

The per phase quantities, described above, can be written in
vector notation as follows:
}T U, = [UU,U\/,U{/V]T (5)
i, = liv,iv,iw]"  (6)
U, =[Uy, Uy, Uy]" (7

Uy, = [UA,'LLB,UC
iy =lia,ip,ic)"
U, = [Uu, Vg, Vo]"

Then the basic voltage differential equations (3) and (4) can
be simplified to:

.4y,
u, = Rs-1,+ dts )
av
—R,-i =r 9
U, bt ©)

D. Space Vectors and Transforms

The AC machines are ideally fed by sinusoidal voltages.
Since the construction of the machines is such that the phases
are distributed in space, the electrical quantities like current
are thus distributed in time and space. Hence it is quite
easy to represent the electrical quantities using space vectors
[28]. However due to its construction the general frame of
reference, also known as abc reference frame, depicted in Fig.
3, describes all the electrical quantities along the three axes.
In order to simplify the calculations and reduce the number of
the manipulated variables two famous transforms are generally
employed.

1) The Clarke Transformation: The mathematical con-
version of the three phase voltages ua,up and uc to u, is
known as the Clarke Transformation. The space vector u,
can be described in the Cartesian o« — § coordinate system
as introduced in Fig. 3, since three linear dependent quantities
can be expressed by two linear independent variables. Hence
the o and S components can be summarized as a complex
number:

120° j.240°)

(ua +upe” + uce

2 PR S SR A SRE TN B
—3 A 2B 2C J 9 B 9 C

Wl N

u, =
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Fig. 3: Schematic Representation of the Stator Winding in the
abc frame [28].

The transformation from phase values to space vector can also
be expressed in the matrix notation:

] 271~ —17[a
== u
us] 30 L0

Y

w

Here the factor % is applied, to scale the length of the space

vector to the amplitude of the phase values.

2) The Park Transformation: The previous section dis-
cussed a coordinate system fixed to the stator (€,; €p). If any
space vector is rotated by an arbitrary angle g, it can be
represented in a different coordinate system. For example a
coordinate system fixed to the rotor (€); €;) or the flux (€y; €;).
Such a rotation around the origin can be described by the
rotation matrix:

Tr (oK) = —sin(pr)

cos(¢k)

cos(¢k)
sin(¢x)
For electrical drive systems the transformation is famous as
Park Transformation [30]. Fig. 4 illustrates the definition of
the angle @k . Table 1 presents an overview of the different
coordinate systems relevant for our application.

12)

Table I: Useful Frames of Reference.

Frame Abbrev. Angle Notation Transform

Stator (a,b,c) ygbc -
Stationary (o, B) 48 Clarke
Rotor Flux (d.q) 0K 29 Clarke & Park

E. Electromagnetic Relations

Flux plays a vital role in the operation of AC machines
and we shall assume that all the coils are linked by flux ®.
The magnetic flux @ of a coil can be decomposed into two

Fig. 4: Definition of new coordinate system rotated by angle
px using Park transform [28].

components, namely, the leakage flux ®, and the main flux
®,,. The flux lines that do not cross the air-gap and are only
linked to their respective windings constitute the leakage flux
@, while the flux lines that cross the air-gap and link the two
windings, i.e. stator and rotor windings, constitute the main
flux ®;. Thus the main flux is responsible for the operational
behaviour of the AC machines and contributes to the resulting
torque [28]. So:

=9, +2, (13)

According to Hopkins law, the product of the reluctance and
flux gives the magnetomotive force ©, which can be written
as:

O©=N-i=R, @ (14)
© N -3

P == = - 15

I (15

where N is the number of the windings, i/ is the current
flowing through the winding and R,, is the reluctance. With
the equivalent decomposition of R,,, = R;,n + R the main
fluxes can be written in the stator ®7_  and the rotor ®j
coordinates:

e N,
e N,i
o, = ﬁ; R (17)
g = Qb _ OO Nl ANk
Rmh Rmh Rmh
h @T @T Nr : 1; Nr . Z:
@Z B P?'r:h B 7}{—7’;;74 - R—’V:h (19)

The flux linkage W is defined as the product of the magnetic
flux multiplied with the number of windings N:

S} N-i NZ2?.3
U=N-d=N-=—=N_- == =
= = R, R,, R,

By taking the derivate with the respect to the current ¢ the
general definition of inductance L is derived:

TN’
Z Rm,

(20)

L =

1)
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Hence the leakage flux linkages can be rewritten as:

Stator : W3 =N;-®> = N;- 8,
R’mo’s
N,-i® N2.¢¢ (22)
:Ns LS =8 _'s =5
Rmo’s Rmo’s
Rotor : ¥/ =N, &’ =N, - 9,
Rmo’r 23
N, -il  NZ-il 23)
=N, .l o
Rmor R”TLO'T

The corresponding inductances for the leakage flux linkages
are defined as:

A N?
Stator : Ly =—— = 5 24
aor d@i Rios )
dy’ N?
Rotor : Ly, =—— = z 25
oot d@: Roor (23)

Analogously the main flux linkage and the respective induc-
tances are defined as:

Stator : ¥, =N, -®; = N, - 9.
Rnth (26)
e NN
e Rmh N ° Rmh
6’)"
Rotor : ¥} =N, -9 =N, - =—
Rmhr (27)
" Rmh " Rmh
Stat L AW Ny (28)
ator : = =
hs dlz Rmh
dvy N?
Rotor : Ly, =— = T 29
hr d@: Rmh ( )

Mutual inductance L,,, which represents the connection be-
tween stator and rotor across the air-gap, is defined as:

_dg\;w NS'NT

Stator to Rotor : L, = —= = 30
ator to Rotor i R 30)
Ay’ N, - Ng
Rotor to Stator : L,, = f}r”“ = 3D
dls R

The total flux linkage is the sum of the leakage flux and the
main flux given as:

Stator : g: = (Qh +Qo’s) - N :225 +gis
_No B4 No oty ) Noods
Rmh Rmas
:thli+Lm§g+Lasl§
= (th+Los) lf+Lle

S

(32)

Rotor : g: = (Qh + QO’T') ’ NT" = g;‘n + g;r

N, -i" + N, - 4" N, -i"
— or 2o N,. 2o Nr'
Rmh * Rmar

- Lhr . @: + Lm . 1: + LO’T‘ . l.r (33)

= (Lhr""Lm")L?:'i_LmL?:

FE Torque

The law of conservation of energy leads to the equations of
mechanical torque:

3 .

IZ;P'(EXD (34)

where the factor 3/2 comes from the scaling of the current

space vector introduced earlier. The torque is given in the

(a, B) coordinate system by the cross product of the corre-
sponding stator flux linkage and the stator current:

To=2p (U xi) =5 p (Ui — i)

5 %) G39)

G. System Equations

The equations for the model of an AC machine are sum-
marized below using (8),(9),(32),(33), and (35). This system
of equations is generally employed for the analysis of an
Induction Machine (IM) [29] and can also be used for a
Permanent Magnet Synchronous machine (PMSM), but with
a slight modification.

dw?
=R, -1’ — 36
U i+ 7t (36a)
U?=Lg i34 Ly, - i (36b)
du’”
=R, 1. = 36
U, i, + 7 (36¢)
\I/: =L, l: + L, - Z: (36d)
3
T. =5 P (W xi3) (36e)
d m
J’m Zt a _Te TL - B Wm (36f)

III. CONTROL METHODS FOR AN INDUCTION MACHINE

Unlike the DC machine, which is very sensitive to commu-
tator failures, the IM has the advantage of a robust structure
and low maintenance and therefore has been very popular
for the realization of drive systems. Though R. H. Park [30]
introduced rotating reference frames already in 1929, it took a
long time to develop the idea of field-oriented control (FOC)
that is based on the fundamental insight that the torque is
proportional to the cross product of stator current and flux.
The resulting decoupled control of torque and field excitation
is then quite similar to DC motor control. In this section both
the control schemes are discussed in detail.
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A. Field Oriented Control (FOC)

As discussed earlier the building block for FOC was the
concept of Indirect FOC presented by Hasse in 1968 [15],
[16]. However in 1971, Direct FOC (DFOC) was developed
by Blaschke [17].

In the concept of Indirect FOC (IFOC), flux orientation is
realized only by means of feed-forward control, typically by
a calculation of the slip frequency from the reference values.
This approach is simple and well performing for the speed
and position control even at low speeds. However, the major
drawback is, that the orientation of the control is very sensitive
to the rotor resistance, which affects the robustness of the
control. To overcome this problem the rotor resistance has
to be estimated online [31], [32]. On the contrary, Direct
FOC (DFOC) employs flux observers to calculate the flux
orientation. The original approach of Blaschke [17] included
flux measurement coils to accomplish the flux orientation.

Essentially for FOC the stator current space vector is
decomposed into an flux forming and an torque-forming
component by an appropriate coordinate transformation. Each
component then is controlled individually by a linear PID
(Proportional-Integral-Derivative) controller. For our analysis
a squirrel cage IM is considered.

1) Rotor Flux Oriented Coordinate System: As demon-
strated in previous sections, Park transformation (7p(¢k))
can be used to transform a space vector from the stator
coordinates to the rotor coordinate system. For analysis of
FOC the reference system is linked to the rotor flux axis
rotating at synchronous speed. The advantage of using this
reference frame is that all the quantities are constant in steady
state, so it simplifies the fundamental wave model for control
purposes. Since the d-axis is chosen along the rotor flux axis,
it implies that the rotor flux is entirely along this axis i.e.
Ud = || W, || and hence WY = 0. Therefore the rotor flux space
vector in the rotated frame (Fig. 5) can be written as:

w, - m _ [u%n}

Here ¢ is the angle of the rotor flux space vector (V) in sta-
tor coordinates (see Fig. 5). For this reason the defined (d, q)-
coordinate system is called rotor flux oriented or commonly
field oriented.

2) Model of the Induction Machine in the d,q frame:
The mathematical model of the machine in the field oriented
control system is formulated using the system of equations
(36). The (d, ¢)-coordinate system is generalized using index
k.

(37)

AN .
}I; 4+ == +jwkg'; with wy = Dk

k
=R, 38
Ug 7t (38a)
W =L, i+ Ly, i (38b)
A .
0=R, -i*+ -+ ilwr - w)ur (38¢)
WY =Ly if + Ly, - i (38d)

The electromagnetic torque can be written as:

>
>
—

€a

Fig. 5: Definition of the Rotor Flux Angle @i used in the
transformation 7p () [28].

3
p (U xin) = 5 ope (Wil — W)
=5 p Uil = | i

T, =
(39)

W w
N W

Hence the torque is determined by the absolute value of the
rotor flux space vector and the quadrature component of the
rotor current (i%). In a squirrel cage IM rotor currents cannot
be influenced directly therefore a relation between the torque,
the direct axis flux component and the current vector ¢ is
derived below.

Since ¥ =0 = \i/;z = 0, from (38d) we can write:

Wl =0=L,-il+ Ly, -
L, 40
:i?z—Lrig @0

From (38c) and (40) we can write the rotor voltage and the
flux linkage equations as:

dv? R, dw?d
0=R,-il+—" =0~ L, -i%)+—="
d L, dt
o (41)
= 7T dt’“ + ¢ =L, il

Here 7, = L. /R, is the rotor time constant. Rearranging the
above equation results in:

L .
m Zd

1+7,s ° (s) (42)

wi(s) =

From (42) one can suggest, that the absolute value of the rotor
flux ||¥,| can be manipulated by the direct axis component
of the stator current, zf with the time constant 7,. Hence we

call i¢ as the flux related current component.
The torque equation from (39) and (40) can be written as:
3 ~ 3Lp,

T.=2.p |0, il =
Sope it = 5

|- (43)
If the value of rotor flux is maintained at a constant value, the
torque can be controlled by the quadrature component of the
stator current, ¢, without any time delay. Hence we call 7 as
the forque related current component.
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Fig. 6: Schematic representation of the Direct Field Oriented Control (DFOC) [28].

3) Calculation of the Rotor Flux Vector: Generally the
flux linkage on the rotor side cannot be measured directly as
it requires sophisticated equipment. Hence the rotor flux vector
must be calculated from the measurable parameters like stator
currents, stator voltages and rotational speed. To calculate the
relation between the rotor flux vector and stator current vector
we can derive a relation using (38c) and (38d). The relation
can be written as:

aw’ R,
d L,

This equation allows the calculation of rotor flux vector using
stator currents and rotational speed w, however, the knowledge
of the machine parameters R,, L, and L,, is a priori. These
can be determined by the No-Load and Blocked-Rotor tests.

This approach requires the use of speed sensors or resolvers
to measure the rotational speed of the machine or calculate the
orientation of the rotor shaft. This type of FOC is famous as
Direct FOC (DFOC). Fig. 6 gives a schematic view of the
Direct FOC (DFOC). It must be noted that all of the cascaded
controller blocks are linear PI based controllers. Additionally
it is necessary to calculate flux using the flux observer, as rotor
flux orientation ¢y, is essential for Park transform.

The FOC approach presented by Hasse in 1968 [15], [16],
known as Indirect FOC takes a different approach. It uses the
concept of slip speed wsi;, where the rotor flux orientation
¢k, required for coordinate transformation, is generated from
the rotor speed w,, and the slip speed wg;;p:

YK = /(UJ@ + wslip) -dt = /(p cWm + wslip) -dt (45)
The latter is calculated from the stator reference current ig,
and the motor parameters:

LR L
WiL, 0 T T (40

Fig. 7 depicts the basic structure of the Indirect FOC whereby
the slip speed approach is used. The reference currents 7%, and

(W5 = Ly - £5) + jw - 7 (44)

Wslip =

i3, are converted to the reference voltages in the «, 3-reference
frame. These voltage values are then used to calculate the
inverter gating signals Sy, Sy, S..

1%

|

5 * "
Wy Q | :ls,, >| Uil

% 4 Sal
SRS 3
), S = S e|
2%, 2 S
- g S * A se ;
lsd L3 usz —~

v X q

Calculation of
Slip Speed

Sensor

Fig. 7: Schematic representation of Indirect Field Oriented
Control [33].

B. Direct Torque Control (DTC)

Newer control methods were explored in the 1980s to
overcome the complexity of the coordinate transformation
where knowledge of the rotor orientation is necessary and
hence the machine parameters. The machine parameters can be
strongly dependent on the operating conditions, for example
the stator or rotor resistances are influenced by temperature.
If the parameters of the flux estimator do not match with
the actual values, an estimation error occurs. This can have
negative effects on the control accuracy. For this reason the
field oriented control is not robust against parameter variations
[28].

Development of advanced control strategies for PWM in-
verter fed Induction machine drives allowed the design of
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control techniques without the need of coordinate transforma-
tion. Direct Torque Control is a consequence of the quest to
avoid coordinate transformation and design a control strategy,
independent of the machine parameters. Unlike FOC, flux
and torque can be directly controlled by selecting appropriate
inverter switching states [34]. Coupled with a better dynamic
performance and simpler control strategy, DTC offers a very
good alternative to FOC.

1) Model of IM in Stationary Reference frame: The
mathematical model of the machine for DTC is again formu-
lated using the system of equations (36). By applying Clarke
transformation the system of equations can be referred to
the stationary reference frame commonly known as (a, f3)-
coordinate system.

u; = Ry -ig + dii (47a)
Vi=Ls ii+ Lm-i; (47b)
0=R, it + j — (47c)
Y=L, ig+ Ly 4y (47d)
To=5op (U x i) =5 ope (U200 W2 i) (4Te)
Jm% ) 471)

2) Principle of Direct Torque Control: In FOC the inverter
firing signals S,, Sp, S. are generated using a modulator. In
practice, however, the converter can also be used without a
modulator. DTC takes advantage of this possibility. In total
the possible switching combinations for a 2 level inverter
are 23 = 8. The (o, 3) plane is divided into six 60°-wide
vectors, designated v, through vg as illustrated in Fig 8. The

24(07 15 1) ,’g(;(67 (]7 0) 21(17 0’ 0)
B Cu(l,1,1)  éa
95(()’ Oa 1) 26(17 Ov 1) \

Fig. 8: Space vectors of the inverter output voltage and sectors.

space vectors vg, vy short circuit the load and are called zero
space vectors while the remaining ones are called active space
vectors. A stator flux vector (¥7) is said to be associated with
the voltage vector v; when it passes through sector k. For
example, the stator flux vector becomes associated with v
when passing sector 2.

3) Approach: With the background of the space vectors
let us now consider the stator voltage equation (47a):

av?
v, =ud =R, -i+ ;Jse{Om?}

Suppose at time ty the converter switches from the voltage
space vector vy to v; (I € {0---7},1 # k), within the time
interval [to, to+T]. Since the switching time T is very small
as compared to the stator time constant T, = L,s/Rs the
influence of the ohmic voltage drop in (48) can be neglected
[28]. Hence we can write:

v = Uy R Az%sale {0---7}
As illustrated in Fig. 9, application of voltage space vector v,
during the time interval T leads to the following variation in
the stator flux linkage:

(48)

(49)

Ag; ~ Ts "

(50)

Fig. 9: Effect of vector v; on ¥ [28].

Hence we can conclude that the trajectory of the space
vector ¥? in the (a,f)-plane can be determined by the
application of a sequence of voltage space vectors [28]. In
order to exploit this property let us derive a relation for the
generated torque. Using (47b) and (47d) we can express the
stator current as a function of ¥$ and W7, given as:

VS U AU VI L
i = oL. <\I/S— LT\IIT> witho =1 —

L,L,

Substituting (51) into the torque equation (47e) we can write:

(S

LTYL
7=y x (@ - tmwe))
20L, L, (52)
3pLy, .
= US| |2 -
2 w3 - sin(s )
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where J and ¢ are the angles of the stator and rotor flux vectors
respectively, in the stationary reference frame. From (52) it
can be inferred that torque can be determined by the absolute
values of stator and rotor flux vectors and their relative angle.

Generally the rotor time constant T,. = L,./R,. is compara-
tively very large than the stator time constant 7,3 = L,/ Rs.
W' can be assumed to be constant during the time interval T
and hence torque is essentially dependent only on the stator
quantities.

4) Formulation of the Control Concept: As depicted in
Fig. 8, by using the active space vectors of the converter
the stator flux can be influenced in various ways within the
time interval Ts. Regardless of the flux position, three of
these voltage vectors lead to an increase in the magnitude
of flux, while others decrease it. Furthermore, three of the
space vectors lead to an anticlockwise rotation and hence
increase the relative angle while the others tend to decrease
the angle due to clockwise rotation. In order to control the

g

Indirect
component
~ p s i
D ESO Direct t
componen
Sty to + 1) T
(67

Fig. 10: Direct and indirect components of stator flux produced
by voltage vectors.

stator flux and torque independently, it must be ensured that
the magnitude of flux is controlled only by the application of
appropriate voltage vectors whereas torque can be increased
or decreased by changing the relative angle (§ — ) within
the interval [—m/2;7/2]. As shown in Fig. 10 the direct
component of the voltage vector only contributes to the change
in the magnitude of the stator flux vector while the indirect
component is responsible for change in torque, as it changes
the angle 9.

Fig. 11 further illustrates the contribution of voltage vectors
for flux and torque control. ¥? (%) is the initial flux vector. The
magnitude of the flux can be increased by using vectors vy and
vg since both the vectors have positive direct component. vs
and vs can be used to decrease the flux magnitude. Moreover,
both vy and vs voltage vectors have indirect components and
contribute to an increase in torque where as vs and vg can be
used to decrease the torque. Hence, v2 can be used to increase
both flux magnitude and torque angle. Similarly, voltage vector
vy can be used to decrease both stator flux and torque [35],
[36]. The relation between the voltage space vectors and their
effects on the flux and torque within the respective sector

Fig. 11: Stator Flux ¥, and Torque 7, control using voltage
vectors.

is summarized in a look up table (Table 2). The decision if
the flux amount or the torque shall be increased respectively
decreased, is taken by individual hysteresis controllers. The
controllers are implemented in discrete time and work with
the sampling time 7.

The output value hy_ of the flux controller is determined
by the control error 625. sampled at the time instant ¢ty = nT5.
Consequently a similar relation between the controller error
er and controller output hp of the torque controller also holds
true. Fig. 12 [28] illustrates the operating scheme of the two
hysteresis controllers.

Table II: Look up table for DTC [37].

1 1 Vo V3 V4 Vs Vg Vi
1 0 Vo V7 Vg V7 Vo Vr
1 -1 Ve Vi Vo Vs Vy Vj
-1 1 V3 V4 Vs Vg Vi Vo
-1 0 Vs Vo V¢ Vo V7 Vg
-1 -1 Vs Ve Vi Va Vs Vyu

The output of the torque controller can take the values -1, 0
and 1. The flux controller can only take the values -1 and 1. If
the controller outputs the value -1, the corresponding control
variable has to be decreased whereas, if the controller output
is 1, the control variable should be increased. However for
the torque controller if the output is 0, control variable shall
remain constant.

5) Summary of DTC Control: From the above discussion
control structure for the direct torque control can be derived.
The control scheme with two hysteresis controllers and sub-
systems for flux estimator, torque estimator and the lookup
table is shown in Fig. 13. Due to the switching behaviour
of the hysteresis controllers, torque remains within a defined
tolerance band, switching at a varied frequency between the
two limits. This type of control is commonly known as bang-
bang control. Additionally, the stator flux vector traces a
zigzag shaped pattern around its setpoint in the («, 8)-plane
(Fig. 14).
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IV. CoMPARISON OF FOC AND DTC FOR AN INDUCTION
MACHINE

Both FOC and DTC schemes aim at controlling separately
the motor torque and flux over a wide speed range. In this
section first the two schemes are compared briefly and then
the operating performance is evaluated.

Table III: Comparative issues in theory [38].

FOC DTC
Tuned Parameters 6 4
External Controller PI PI
Inner Controller 2 Pl 2 Hysteresis
Flux Angle Yes Yes
Coordinate Transformation Yes No
PWM Yes No

A. Basic Characteristics

Here the basic control characteristics of FOC and DTC are
studied and compared with a view to defining the nature of the
control strategies and examining their influence on the drive
performance and on the implementation complexity.

1) Flux and Torque Control Mechanism: FOC scheme
uses a (d — q) reference frame having the d-axis aligned with
the rotor flux vector that rotates at the stator frequency. This
particular situation allows the flux and torque to be separately
controlled by the (d — ¢) components of stator current. The
decoupling between flux and torque control is achieved only
if the rotor flux position is accurately known.

On the other hand, DTC scheme uses a stationary (c«, )
reference frame having a-axis aligned with stator A-axis.
Torque and flux are controlled by the stator voltage space
vector v; defined in the same reference frame.

2) Controllers: For FOC linear controllers, based on PI
regulators, are used to control the flux and speed while the
torque is indirectly controlled. Response is highly dependent
on the tuning of these controllers and the linear operation

range. On the contrary, DTC employs two independent hys-
teresis controllers to select the appropriate stator voltage
vectors in order to maintain the torque and flux within the
upper and lower bounds. This enables direct control of the two
control parameters. The response time of hysteresis controllers
is optimal but switching frequency is variable.

3) Estimated Variables: The operation of both FOC and
DTC depends on the system variables that are computed
or estimated from the measured quantities. The accuracy of
the estimated variables has a direct influence on the control
performance [39].

In FOC the estimated variable is the rotor flux angle g,
which is necessary for the coordinate transformation. A slight
error in the calculation of the angle ¢k can lead to undesirable
coupling between the (d — ¢) axes and hence invalidate the
FOC operation. During transients, the rotor flux position may
change and perfect decoupling can be temporarily lost.

In DTC the estimated quantities are the stator and motor
torque, which are required for feedback control. The accuracy
of stator flux depends mostly on the estimation accuracy on
the stator resistance R, hence can affect the behaviour of both
flux and torque control loops.

B. Static and Dynamic Performance

In this section the performance for the two control schemes
using simulation results is discussed and further conclusions
are drawn towards the end. Simulations were not carried out
but the discussion is based on the results from various articles.
Simulation graphs have been reproduced here to compare
the performance and draw final conclusions. Essentially the
operating conditions and variable sensing are assumed to be
ideal.

In order to make a fair comparison between the perfor-
mance of the two control schemes it should be ensured that
average switching frequency is approximately the same [40].
In FOC the switching frequency is adjusted by the PWM
period. DTC, however, has variable switching frequency due
to the hysteresis blocks, which are dependent on the operating
point. Essentially, amplitude of the hysteresis bands has to
be adjusted in order to achieve a mean inverter switching
frequency practically equal to that of FOC scheme.

1) Steady-State Performance: In [40] the steady state
performance was evaluated based on the current ripple. The
results obtained for FOC and DTC have been summarised
in tables 3 and 4, respectively. The considered operating
conditions are related to rotor speed values of 100%, 50%, and
10% of the rated value, and torque values of 100%, 50%, and
0% of the rated value. As can be inferred from the tables FOC
is characterised by lower current ripple compared to DTC.

Table IV: Current ripple for FOC [40].

Torque Speed 11440 tpm | 720 rpm | 144 rpm
265 Nm 064A | 093 | 058A
13.25 Nm 064A | 094 | 034A
0 Nm 065A | 093 | 034A
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Fig. 13: Schematic representation of Direct Torque Control [28].
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(b)

Fig. 14: Resulting trajectories of (a) Stator Flux (b) Torque
[28].

Figs. 15 and 16 depict the torque, stator current, and stator
current harmonic spectrum obtained for FOC and DTC re-
spectively. Under the assumption of the same average inverter
switching frequency, the amplitude of the torque ripple in DTC

Table V: Current ripple for DTC [40].

Speed

Torque 1440 rpm | 720 rpm | 144 rpm
26.5 Nm 1.10 A 1.57 1.46 A
13.25 Nm 1.09 A 1.56 1.27 A
0 Nm 1.18 A 1.46 1.21 A

is slightly higher than that of FOC. Additionally it can be
inferred from the harmonic spectrum of the stator currents,
DTC has relatively larger variety of harmonics compared to
FOC. Accordingly FOC generates a high frequency uniform
noise, whereas DTC produces an irregular noise level, which
is particularly maddening at low speed [40].

2) Dynamic Performance: The transient performance of
the two schemes is compared by analyzing a step response
for torque at different rotor speeds. Fig. 17(a)—(c) illustrate
the torque responses obtained using FOC scheme, at 1200,
600, and 100 rpm, respectively. Fig. 18(a)—(c) illustrate the
same quantities obtained using DTC scheme. The results show
that DTC has a better torque response in terms of the settling
time and overshoot whereas FOC has a longer settling time.
The difference in dynamic behaviour can be attributed to
the use of PI regulators in FOC, which produce a delayed
torque response in comparison to DTC, which exhibits a better
dynamic response.

C. Comparison of Parameter Sensitivity

As stated earlier, both FOC and DTC are based on estimated
variables and their accuracy has direct influence on the control
performance.

1) Parameter Sensitivity of FOC: Calculation of flux in
FOC (42) is primarily dependent on stator current ¢ and the
rotor time constant 7, = L, /R,. The rotor resistance varies
as a function of the temperature while the rotor inductance
changes with flux level. An error in the estimation of 7., will
deteriorate the control performance.

U2
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Fig. 15: Steady state (a) Torque, (b) Stator Current and (c)
Stator current harmonic spectrum for FOC scheme [40].

To study the extent of estimation error in R, the authors
in [39] observed the torque and flux responses by applying a
step change in R, with motor in steady state operation. Fig.
19 shows the variation of rotor flux and torque for the cases
where the estimated value of R, is suddenly changed to 75%
and 125% of the actual value. In both situations the variation in
parameters is significant and control performance deteriorates.
The dependence of FOC operation on the rotor time constant
can be minimized by using an improved flux observer [39].

2) Parameter Sensitivity of DTC: DTC operation is es-
sentially based on the calculated value of stator flux which
depends on the stator resistance R. Primarily at low speeds
the value of (vs — Rs.is) is pretty small and a slight variation
in the value of R can produce inaccurate results, resulting in
the deterioration of the control performance.

The extent of estimation error in R is studied by applying
a step change in I?; with the motor running at 1 rad/s and the
results obtained are presented in Fig. 20. As can be observed,
the responses of flux and torque deviate from the reference
indicating poor control performance. Low speed operation
of DTC can be improved by using an improved stator flux
estimation algorithm for this speed range [41].

D. Summary

Table 6 presents a comparative summary of the results
presented in the previous sections. DTC has an advantage over
FOC in terms of dynamic flux control and implementation
complexity.
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Fig. 16: Steady state (a) Torque, (b) Stator Current and (c)
Stator current harmonic spectrum for DTC scheme [40].

V. CONTROL METHODS FOR PMSM

Permanent magnet synchronous machines (PMSM) have
found increasing application in the industrial drives domain
primarily due to the high power density (compactness), high
efficiency, ease of control, high torque-inertia ratio and better
reliability. Since 1980s a considerable amount of research and
development has been undertaken and PMSMs have shown
increasing promise for industrial drive applications [42]-[44].
The PMSM has a stator which resembles the conventional
synchronous machine (SM). However, the rotor excitation is
supplied using permanent magnets. The main advantage when
compared to the conventional SM is the elimination of the
field coil, DC supply and slip rings; hence, lower losses and
a less complex machine [14]. Since there is no provision for
the control of excitation on the rotor side, control of a PMSM
is done entirely through the stator excitation.

In principle, the construction of a permanent magnet syn-
chronous machine does not differ from that of the BLDC,
although distributed windings are more often used. However,
unlike BLDC, sinusoidal excitation is used with PMSMs,
which eliminates the torque ripple caused by the commuta-
tion. The PMSM has essentially two different configurations:
surface mounted (Fig. 21) and interior (or buried) magnet (Fig.
22). The location of the magnets has a significant effect on the
motor’s mechanical and electrical characteristics, especially
on the inductances of the machine. Particularly in case of
the surface magnet construction the direct-axis inductance is
very low, which has a substantial effect on the machine’s
overloading capability, and also on the field weakening charac-
teristics. As the pull-out torque is inversely proportional to the

Page 12



Table VI: Comparison of FOC and DTC w.r.t an IM [39].

Field-Oriented Control

Direct Torque Control

Frame of Reference

Synchronously rotating (d — q)

Stationary («, 8)

Controlled variables

Torque (T%), Rotor Flux (V)

Torque (7%), Stator Flux (¥)

Control parameters

Stator currents

Stator voltage space vector

Sensed variables

Rotor mechanical speed, Stator currents

Stator voltages, Stator currents

Estimated variables

Rotor flux position (i), Slip frequency (wsisp)

Torque, Stator flux

Controllers

Linear controllers for Stator currents

Hysteresis controllers for Torque and Stator flux

Torque Control

Indirectly controlled by stator currents, High
dynamics, Torque ripple

Directly controlled, High dynamics, Controlled
Torque ripple

Flux Control

Indirectly controlled by stator currents, Slow
dynamics

Directly controlled, Fast dynamics

Parameter sensitivity

Sensitive to rotor time constant (7;)

Sensitive to stator resistance (Rs)

Implementation Complex-

High complexity, Coordinate transformation

Medium complexity, No coordinate transforma-
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Fig. 17: Torque response at (a) 1200 rpm, (b) 600 rpm and
(c) 100 rpm for FOC scheme [40].

d-axis inductance, the pull-out torque becomes very high. In
contrast to this the direct-axis inductance of a machine having
embedded magnets is higher. However the surface magnet
construction is favourable in servo applications due to the
lower inertia of the machine.

The buried magnet PMSMs are robust and thus permit
higher operating speed. The effective airgap in this class of
machines is low and therefore armature reaction effect is very
dominant. This permits control of the machine in constant-
torque region as well as in field-weakening constant-power
region, upto such high speeds that the machine can be used for
traction type applications [43]. Again, the saliency (X? > X9)
in this type of machine permits economical machine design
because torque is contributed by both excitation and reluctance
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Fig. 18: Torque response at (a) 1200 rpm, (b) 600 rpm and
(c) 100 rpm for DTC scheme [40].

torques.

Since the introduction of new materials like neodymium-
iron-boron (NdFeB) in 1983 PMSMs gained a lot of popularity
and industrial application. The main advantages of PMSM are
[45], [46]:

o Lower maintenance due to the absence of brushes and

slip rings.

o Lower inertia and better dynamic performance.

o No rotor losses due to the absence of windings in the

rotor, hence higher efficiency.

« Higher power/weight ratio.

The merits are counterbalanced by the higher cost and the
variation of the PM properties due to temperature changes
over the period of operation. PMSMs are currently employed
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Fig. 20: Influence of estimated stator resistance on perfor-
mance of DTC [39].

in applications where high acceleration and precise control is
required such as robotics and machine tools.

A. Model of PMSM

The analysis of a synchronous machine with permanent
magnets can also be carried out using the fundamental wave
model presented in (36). In PMSM the rotor windings are
replaced by permanent magnets. Consequently the rotor flux
is constant (denoted as ¥ pj,) and the rotor current 7). is zero.
Hence the system of equations (36) reduce to:

AT®
S — s +S —S 53
ug =R, - 15 + 7 (53a)
Wi =L, i +VYpy (53b)
o= op (¥ %)) (53¢)
dw,
Jm% =T, — Ty — B-w, (53d)

q axis

Fig. 21: Surface Mounted PMSM [14].

d axis

Fig. 22: Interior (or buried) PMSM [14].

B. Field Oriented Control

Like the IM, FOC is applied to the PMSM to achieve decou-
pled control of torque and flux. The underlying principles for
the application of FOC to a PMSM are the same as described
in earlier sections. However, due to the permanent magnets on
the rotor the generated rotor flux is constant and independent
of the d-axis current z"si (unlike the IM, from (42)). Hence the
reference value for i¢ is set to zero, which in turn decreases
the stator current and increases the efficiency of the drive. The
torque equation (43) for the IM is modified for the PMSM as
follows:

3
Te=—5-p-Vpn il (54)

2
From (54) it is apparent that the electromagnetic torque is
proportional to ¢Z. As indicated above, due to the constant
nature of the rotor flux the d-axis component is set to zero,
whereas the generated torque is linearly proportional to the g-
axis component ¢ (essentially the major part of stator current),
maximum torque per ampere (MTPA) can be achieved [47].

C. Direct Torque Control

Since the analysis of DTC is carried in the stationary
coordinates, («,3)-frame, the application remains more or
less the same, as described in Section 3.2, with a slight
modification of the rotor flux to a constant value ¥ p,,.
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Table VII: Comparison of FOC and DTC w.r.t a PMSM [48].

Field-Oriented Control

Direct Torque Control

Dynamic response for torque

Slower

Faster

stator flux and currents

Steady-state behaviour for torque,

Lower ripple and distortion

Higher ripple and distortion

Parameter sensitivity

Decoupling depends on Lg, LI, Uprr

Sensitive to stator resistance (Rs)

Controllers

Linear PI regulators for Stator currents

Hysteresis controllers for Torque and Stator
flux

Switching Frequency

Constant

Variable

Implementation Complexity

High complexity, Coordinate transformation
necessary

Medium complexity, No coordinate trans-
formation

D. Comparison
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