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Abstract: The Direct Torque Control (DTC) theory has achieved great success in the control of induction motor. Many
attempts have been made to implement the idea of DTC of induction motor to permanent magnet synchronous machine
since 1990’s. The advantages of DTC of permanent magnet synchronous machine drives include less machine
parameter dependence, simpler implementation and quicker dynamic torque response. The work of this paper is to
study, evaluate and compare the various techniques of the DTC applied to the IPMSM through simulations. The
simulations were carried out using Matlab/Simulink simulation package. Evaluation was made based on the drive

performance, which includes steady state and dynamic torque and flux responses.
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1. INTRODUCTION

The original concept of DTC was proposed by
Takahashi and Noguchi in 1986 for application in
Induction Motors. Their idea was to control the stator flux
linkage and the torque directly, not via controlling the
stator current. This was accomplished by controlling the
power switches directly using the outputs of hysteresis
comparators for the torque and the modulus of the stator
flux linkage and selecting an appropriate voltage vector
from a predefined switching table. The table was called
the ‘optimum switching table”. The measurement of the
rotor angle was not used.

A similar control was proposed by Depenbrock
(1987). At first, Takahashi and Noguchi did not give any
name to their new control principle. In a later paper by
Takahasi and Ohmori (1987) the control system was
named the Direct Torque Control, DTC. Depenbrock
called his control method Direct Self Control (DSC).
Tiitenen et al discussed the first industrial application of
the DTC. After that, number of papers on the DTC has
grown tremendously on different aspects of the DTC for
asynchronous motors. In recent years there has been
interest to apply the DTC to permanent magnet
synchronous motors.

L.Zhong et al discussed the implementation of DTC
in PMSM Drives. In 1998, Rahman et al proposed a DTC
scheme for a wide speed range operation of an IPMSM
drive. The proposed scheme possesses some attractive
features compared to the conventional current-controlled
drives like field oriented control (FOC). To reduce the
torque ripples, Sun et al proposed a fuzzy logic algorithm
to refine the selection of the voltage vectors.In 2004; Tang
et al proposed a DTC-SVM control schemes for the IPM
featuring almost fixed switching frequency with low ripple
in torque and flux [1].

Later in 2006, Jun Zhang et al proposed a new scheme
to DTC for an IPM drive, which provided a variable
option for the improvement of DTC-SVM controlled
IPMSM [2]. Today, the DTC has become an accepted
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control method beside the field oriented control.

The objectives of this paper are to simulate the
conventional switching table based DTC, cascade structure
of DTC-SVM and parallel structure of DTC-SVM
schemes for IPMSM drive using Matlab/Simulink and to
reduce the torque and flux ripples and maintain constant
inverter switching frequency in DTC-SVM schemes for
IPMSM drive when compared to the classical ST-DTC.

2. MODELING OF PM SNCHRONOUS
MOTOR
In this project an Interior type Permanent Magnet
Synchronous Motor (IPMSM) is used for the analysis. The
development of those models is under below assumptions
as [3]:
¢ Three-phase motor is symmetrical,
e Only a fundamental harmonic of the magneto motive
force (MMF) is taken in to account,
e The spatially distributed stator and rotor windings are
replaced by a concentrated coil,
e An anisotropy effects, magnetic saturation, iron loses
and eddy currents are not taken into considerations,
e The coil resistances and reactances are taken to be
constant,
¢ In many cases, especially when it is considered steady
state, the currents and voltages are assumed to be
sinusoidal,
o Thermal effect for permanent magnets is omitted.

In space vector representation the instantaneous value of a
three-phase system Ky, Kz, K¢ (such as currents, voltages
and flux linkages) can be replaced by one resultant vector
called the space vector,

K=§[1~KA+a~KB+a2-KC] 1)

Where 1, a, a are complex vectors defined as

1 .3

=-—+j— anda?=-—-j
2 2

2 2
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2
E - normalization factor.

2.1 Voltage and current equations
For idealized motor (Fig.1), the following equations
of the instantaneous stator phase voltages can be written

[3]:

Fig. 1 Layout and symbols for three-phase PMSM electric
motor windings

SA

VsA = RsA IsA + (23.)

Ves = Rg | +d’qLSB (2b)
sB sB IsB dt

ﬂ’sC

Ve =Rgc Isc +

(2¢)

Where Vi, Vs, Vs are the instantaneous stator voltage
values, I, lsg, lsc are instantaneous values of the current,
R; = Rsa = R = Ry is the resistance of the stator
windings, and Asp , Asg , Asc are magnetic flux linkages of
stator windings A,B and C, respectively.

Using the space vector theory to voltage equations we can
written in vector form

dA
Vsaae = Rsasclsase + ds—ch (3)

2
Where, Vagc = 3 (Ven + aVeg +aVic),
lsasc = E (Isa + algg +az|sc),

2
hsagc = § (Asa+aldg +a2 7\45(3)

are the stator voltages, currents and flux space vectors,
respectively.

The stator winding flux consists of rotor flux and stator
flux linkages:
hsagc = Angcis) T Mgy (4)

Where,
Lo Mag Mgc || L
Mec= | Mgn L Mg || 1| )
Mea Mye L s
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cos 6,

cos(d, — %ﬂ) (6)

Mec(r) = Apm

27
cos(6, +?)
and, 0, is electrical rator position. I\;Iechanical rotor
position is defined as:
el’
ym = (7)

b
Where: p, - number of pole pairs, y. - mechanical
position

In equation (2.5) Lsa is the self-inductance of phase A
winding, Msp and Mg are the mutual inductances
between A and B phase, A and C phase, respectively. For
self and mutual inductances of B and C phase the same
notations are used. In (2.6), Apy is the amplitude of the
flux linkages established by the permanent magnet on the
rotor. The inductances are described below.

Due to the rotor saliency in IPMSM the air gap is not
uniform and therefore, the self and mutual inductances of
stator windings are a function of the rotor position. The
derivation of these rotor position dependent inductances is
available in details in [4 & 5]. The results are summarized
here as follows:

The stator winding self-inductances are

Lsa = Ljs+ La— Lgcos26, (8a)

2
Lsg = Lis + La — Lg c0S2 (6, *? ) (8b)

2
Lsc = Lis + La — Lg COS2 (er + ? ) (SC)

where, L is stator-winding leakage inductance and L,, Lg

are given by
mq 2
LA = 7 71'/,{0}"181 (9a)

2
L—1 d rle, (9b)
- — | — T o
Tl )

Where, mg is number of turns of each phase winding, r is
radius, which is from center of machine to the inside
circumference of the stator, and | is the axial length of the
air gap of the machine, y, is permeability of the air, ; and
&, are defined as:

1,1 1

o= = (——+—") (10a)
2 g min max
1,1 1

&= —(—————) (10b)
2 g min max

Where, Qmin IS minimum air gap length and Qe IS
maximum air gap length.
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The mutual inductances between stator phases are:

1 T

Msag = Mgga = —— La— Lg cos2(0, — —) (11q)
2 3
1 T

Msac = Msca = —— La—Lg cos2(6; + —) (11b)
2 3

1
Msgc = Mgcg = *E La—Lgcos2 (6,+7) =

1
_E La—Lgcos26, (11lc)

Using the space vector theory, the flux linkage space
Vector Asgc can be written as:

3 3 . .
Aspgc=(Lis + E La)lsagc — E Lelsasc € + howe” (12)

Where, lsapc = g (In + algg + @%lc),

*

— 2
IsABC - 5 (IsA +a IsB + alsc)

are the stator current space vector and conjugate stator
current space vector.
Taking into account that:

Lo=Lis+Lne (13)

L= Lis+ Lyng (13b)

3 3
Where, Lyg = E (La+ Lg), Ling= E (Ln — Lg) are d and q
magnetizing inductances and are defined as [5].

Finally, equation (2.12) comes as:
L, + Lq L, —-L

d .
> Nsaec — ( ! Nsnsc €77 + Ao

Asagc = (
e (14)
where, Ly, Lq are d and g inductances.

Space vector form of machine equations (2.3, 2.14)
becomes more compact, but the rotor position dependent
parameters still exist in that form of expressions for the
stator flux linkage space vector. Therefore, the space
vector model is still not simple to use for the analysis. A
simplification can be made if the space vector model is
referred to a suitably selected rotating frame.

Figure 2 shows axes of reference for the three-stator phase
A, B, C. It also shows a rotating set of x, y axes, where the
angle 6 is position of x -axis in respect to the stator A
phase axis. Variables along the A, B and C axes can be
referred to the x and y axes by the expression:

K, _ 2| cosf  cos(f -27/3)  cos(f, +27/3) (15)
Ky | 3|-sing, -sin@ -22/3) -sin(6, +27/3) KB
C

Finally, the space vector in general rotating frame can be
written as:

Ksasc = | Kk | (cosOk + J sinfk) = | Kk | el% (16)
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Fig. 2 Stator fixed three phase axes (A, B, C) and general
rotating reference frame (X, y)

In this case the voltage equation (3) using (16) can be
written as:

. . d .
VsKeJHK = RslsKeJeK * E(ZSKEWK) (17)

Using chain rule, equation (17) and divided by term g 1%
can be written as:

iy
VsK = RslsK + dt + J(DK }\sz (18)

Where Vg , I , A 1S the stator voltage, current and flux
space vector in general rotating frame.

Making similar arrangement like for the voltage equation
the flux linkage vector in general reference frame can be
expressed as:

Ly +L, L, — Ly
— N« (——F—
2 2

Ak = ( g " @120 0) 4oy

e 1(6=6k) (19)
Stator fixed system (o, )

Taking the angular speed of the reference frame to be wy =
0 and 6« = 0, the set of synchronous machine vector
equations (18) and (19) may be written as:

A,
Vsap = Relgp+ ——— (20
sa Al (20)

L+l L-L _ .

e (%)lmﬂf (“Td)lmﬂ* eI ey eI (21)
Substituting the following expressions Vg,z = Vs, + jVgs ,
lsop = lsu + jlsp , Asop = Asa + JAgp in tO above equations and
splitting in to real and imaginary parts one can obtain the
scalar form of the machine equations in stationary o ,3
reference frame:

Sa

VS!I = RSISII +

(22)

Vsﬂ = RSIS/S'+

A
sp
22b
at (22b)

L,+L, L-L L-L
xsa:(%_ qz dCOSZOr) Im_( - :

cos,

)sin26r I.s'ﬂ + }\.pM

(23a)

q_l'd

Loty bl

)sin20; Iy, + [( 2 ) ) c0s26/] 4

}\'s/f: _(

+ KPM sin@r (23b)
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Note, that in the flux-current equations (23a and b) still we
can observe that value of inductances depends on rotor
position 9,.

3. SPACE VECTOR PULSE WIDTH
MODULATION

Due to the advancement in the field of power device
technology and the development of large integrated
circuits in the recent years have paved way for the modern
fast switching PWM technique for DC-AC power
conversion. Because of advances in solid state power
devices and microprocessor, PWM inverters are becoming
more and more popular in today’s motor drives. PWM
inverters make it possible to control both the frequency
and magnitude of the voltage and current applied to a
motor. As a result, PWM inverter powered motor drives
offer better efficiency and higher performances compared
to fixed frequency motor drives [6].

Nowadays there are different PWM techniques are
available. The space vector control is one of the most
widely used PWM techniques for three-phase voltage
source inverters (VSI) in applications such as control of
induction and permanent magnet synchronous motors. It is
based on the decomposition of any voltage/field (as may
be the case) into a combination of the basic vectors. Any
given voltage or field phasor can be generated by
switching the devices of the bridge as per the duty ratios
calculated. The exact sequence of switching is decided on
the basis of various other considerations such as
minimizing the switching frequency, total harmonic
distortion etc. The circuit model of a typical three-phase
voltage source PWM inverter is shown in Fig. 3. S; to Sg
are the six power switches that shape the output, which are
controlled by the switching variables A, A', B, B', C and
C'. When an upper transistor is switched on, i.e., when A,
B or C is 1, the corresponding lower transistor is switched
off, i.e., the corresponding A', B' or C' is 0. Therefore, the
on and off states of the upper transistors S;, S3 and S5 can
be used to determine the output voltage.

AC motor

L, K Ei
1

AAA
VW

T

Fig. 3 Three-phase voltage source PWM Inverter
The relationship between the switching variable vector [A,
B, C]" and the line-to-line voltage vector [Vag Vec Veal' is
as follows:

Vi 1 -1 0TA
Voo [=V, |0 1 -1 B| ()
Ve, -1 0 o0]cC

Also, the relationship between the switching variable
vector [A, B, C]" and the phase voltage vector [V Vg Vcl'
can be expressed as below.
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Vi 2 -1 -1TA
Ve =% -1 2 -1|B| (29
Ve -1 -1 2|cC

Because of the constraint that the input lines must
never be shorted and the output current must always be
continuous a voltage source inverter can assume only eight
distinct topologies. These topologies are shown in Fig. 4.
Six out of these eight topologies produce a nonzero output
voltage and are known as non-zero switching states and
the remaining two topologies produce zero output voltage
and are known as zero switching states.

i

L]

vy =[000] v, =[100] \
F! | F‘ T\\ W W

T

P LT
V[10] F — A (R ) S S
i f\ Al

V,=[011] -

-

v,=[001) }» }» —
| A

Ve=[101] Vo=[H 1]

|
=]

Fig. 4 Eight switching state topologies of a voltage source
inverter.

Table 1 Switching vectors, phase voltages and output line
to line voltages

Voltage Switching Line to neutral Line to line
vectors vectors voltage voltage
A | B | C | Van| Ven | Ven | Vas | Vec | Vea
Vo 0]0]0 0 0 0 0 0 0
V; 1100 23| -13]|-113 1 0 -1
V, 1110 13| 13 | -23 0 1 -1
A 0|10 -1/3]| 23 ]|-13]| -1 1 0
V, 0 1] 1] -2/3 1/3 1/3 -1 0 1
Vs 00| 1]|-1/3]-13| 2/3 0 -1 1
Vs 1 (0|1 1/3 | -2/3 1/3 1 -1 0
\/; 1111 0 0 0 0 0 0
(Note that the respective voltage should be multiplied by
Vdc)
p axis
v, v,
1310 45010 a1, 5
v, \'L
11y (100

(2/3,0) ¢ axis

v, 13 -1045)
(101)

(001)

Fig. 5 Basic switching vectors and sectors
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Table 2 T, and T, in all specific sectors

S S; Ss Sy Se S
T Tz Tz Tx —Tx Ty Ty
T, Tx Ty Ty Tz Tz —Tx

Table 3 Relation between sector switch operation time and

duty cycle
Ss S Ss Sy Se S,
Temt Taon Tbon TCon TCon Thon Taon
Temz Tbon Taon Taon Thon TCon TCon
Tems TCon TCon Thon Taon Taon Thon

4. DIRECT TORQUE CONTROL OF IPMSM

DRIVE

Direct Torque Control (DTC) is the most advanced
AC drive technology. DTC is the first technology to
control the “real” motor control variables of torque and
flux linkage [7, 8, 9 & 10]. The direct torque control was
introduced in the 1980’s for induction machine for torque
and flux control. It was developed for PMSM in 1990’s.
The DTC is gaining popularity due to its simple control
structure and easy implementation. This paper presents

different schemes of DTC for IPMSM drive.

Hystersis Switching Inverter PM

Controllers Table
Y ,f‘
312 | Stator
currents

Initial rotor:
position

Voltage

Ny .

A=ty | A= v — Riy et -2

5 “a i ;

& =arctan—- Ag = [lus = Rigddt +24,
Hur | .

Flux and torque estimator

Fig. 6 Block diagram of ST-DTC for IPMSM drive

Q
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V2(110)

5

V(000) . v
o 3(010)
AU A is applied
A t=0
V4(011) € >:v1(1ucn—D
vg,(umj IR \;'5(101}
Fig. 7 The movement of the end of stator flux linkage

vy v

Fig. 8 The control of the stator flux linkage

olD

110

’lal.u--t-onn LTy}

101

sefoosssnan—gnnn

101

« D01
Fig. 9 Switching table for the basic DTC of IPMSM drive

Table 4 Switching table for inverter

0
0 | 62 | 63) | 64 | 65 | 6(6)

d/h dTe

de | V2 Vs Vs Vs Ve Vi
dy | =1 | @10) | (010) | (011) | (001) | (201) | (100)
=1

dre Vs \1 V, V3 \A Vs

=0 | (101) | (100) | (110) | (010) | (011) | (001)

dTe V3 V4 V5 Vs V:L VZ
g = (010) | (011) | (001) | (101) | (100) | (110)
=0

dTe VS VB Vl VZ V3 V4
=0 | (001) | (101) | (100) | (110) | (010) | (011)

In Table 4, d;, and dy. are the outputs of the hysteresis
controllers for flux linkage and torque, respectively. If d;, = 1,
then the actual flux linkage is smaller than the reference value
and if d;; = 0, then the actual flux linkage is greater than the
reference value. The same is true for the torque. 6(1) — 6(6)
are the region numbers for the stator flux linkage positions.

RFVC Inverter

Reference| _,
flux
vector
calculator

;f Switching
! funetion

Torque PI
regulator

Stator
currents

L, = v, - Rt 4 | i
o= fog =R+ Initial rotor
T 7 3 I+
i. /'I'., position

| | f:%(i,r,,—i,,f,)

Flux and torque estimator

Fig. 10 Cascade structure of DTC-SVM scheme

R ‘L—/ 7
~ T - )
L

N

6 Ty
T Torque and Stator Flux Estimator
Encoder

Fig. 11 Parallel structure of DTC-SVM scheme
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5. SIMULATION AND RESULTS ANALYSIS

The Switching Table based DTC, DTC-SVM with
cascade structure, and DTC-SVM with parallel structure
schemes described in previous chapter have been
simulated using Matlab/Simulink simulation package. All
the Matlab/Simulink models were developed with the
speed loop closed. The simulation models are presented
and the results are discussed. The impact of different
control strategies on the IPMSM are compared to each
other and will be discussed in this chapter.

The steady state performances of three schemes of DTC of
IPMSM drive is given in Table 5, comparing the sampling
time, torque ripple and flux linkage ripple.

Table 5.5 Comparison of steady state performance of

DTC schemes
Sampling Terque IilrztlLLaEe
Scheme time (us) r(lﬁ;r)r:;: r(mv\?t:;e
ST-DTC 75 +05 +0.01
Cascade
structure of 150 +0.03 +0.003
DTC-SVM
Parallel
structure of 150 +0.04 =+ 0.005
DTC-SVM
HlY “‘Z '|_f il M Al al MW A 11 I tif’%'u”

Flg 12(a) Steady state torque for ST-DTC

dw TiiE Tz i

Fig. 12(b) Steady state torqde for cascade structure of
DTC-SVM

3 3 3
tttttttt

Flg 12((:) Steady state torque for paraIIeI structure of
DTC-SVM
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Fig. 13(a) Steady state flux linkage for ST-DTC
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Fig. 13(b) Steady state flux Imkage for cascade structure
of DTC-SVM

Fig. 13(c) Steady state flux Iyt‘r[t‘kage for parallel strcture of
DTC-SVM
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u\/

R VAl a S an ey

..........

Flg l4(a) Steady state speed for ST DTC

11e0

Fig. 14(b) Steady state spewe‘d‘for cascade structure of
DTC-SVM
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Fig. 14(c) Steady state speed’[‘t’er parallel structure of DTC-
SVM
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6. CONCLUSION

The primary contribution of this paper is the
development, analysis and simulation verification of DTC
for IPMSM drive. The classical ST-DTC has many
advantages over vector control but it suffers from high
ripples in torque and flux linkage and varying inverter
switching frequency. The disadvantages of classical ST-
DTC have been overcome by two different types of DTC-
SVM schemes. The simulation results show that the
ripples in flux and torque are greatly reduced with fixed
switching frequency in DTC-SVM schemes compared to
classical ST-DTC
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Fig.16 View of stator and rotor of an IPM synchronous
motor
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