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Abstract—This paper evaluates the performance of the
Direct Torque Control (DTC) and Direct Torque Control -
Space Vector Modulation (DTC-SVM) for the Synchronous
Reluctance Motor (SynRM). Both methods are compared
to Field Oriented Control (FOC) with respect to output
torque ripple, phase current - total harmonic distortion
(THD) and electromagnetic torque dynamics of the motor
based on simulations in Matlab/Simulink.
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I. INTRODUCTION

The demand for permanent magnet free AC drives,
less torque and current distortion, and high efficiency
per volume are some of the reasons why the synchronous
reluctance machine (SynRM) is considered as an alterna-
tive to widespread electric drives such as the Permanent
Magnet Synchronous Machine (PMSM), Induction Ma-
chine (IM) and the Switched Reluctance Machine (SRM)
[12], [13], [15], [19], [20], [21]. Field Oriented Control
(FOC) and Direct Torque Control (DTC) are standard
control methods in high performance electrical drive ap-
plications and their performance is commonly improved
by introducing Space Vector Modulation (SVM). Ad-
vantages of SVM are the minimization of phase current
harmonics, reduction of output torque ripple, constant
switching frequency and the extension of the effective
DC supply voltage of the Voltage Source Inverter (VSI)
[2], [8], [18]. DTC enables fast reference torque tracking
at load disturbances but results usually in variable switch-
ing frequency and higher output torque ripple in compar-
ison with FOC. The DTC method will be also applicable
if the number of Proportional-Integral (PI) controllers
shall be reduced. Additionally, the computational effort
of the general DTC scheme is minimized compared
to FOC through the absence of computationally heavy
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frame transformations [5]. Through the widespread use
of DTC and DTC-SVM in PMSM and IM drive con-
trol it is necessary to review their performance for the
SynRM with regard to output torque ripple, phase current
distortion, switching frequency and torque dynamic.

The general DTC scheme of the SynRM is presented
in [16] on which the following work is oriented. Ref-
erence [13] carried out a theoretical performance anal-
ysis for several current angles of the SynRM including
Maximum Power Factor Control (MPFC) which is also
applied within this paper. The author in [8] proposes
a mixed control architecture consisting of the general
DTC and the DTC-SVM for the induction motor and
in [18] for the SynRM (RSM). Within this control
architecture the DTC applies as long as the torque and
flux errors are large. In case of small errors the DTC-
SVM strategy applies. This enables fast reference torque
tracking at load torque disturbances and reduced output
current and torque distortion in steady state condition.
However, the DTC-SVM method in [8], [18] requires an
accurate measurement of the rotor position in order to
perform the frame transformation which can be seen as a
drawback for some applications. Furthermore, the author
derives the reference direct- and quadrature axis voltage
components from the outputs of two PI controllers which
results in two additional controllers in addition to the
speed PI controller. In contrast to [8], [18] the author
of [1] performs the DTC-SVM for the PMSM directly
in the stator reference frame which does not require an
exact determination of the rotor position. The author
proposes a technique in which the voltage references can
be derived from a prediction of the stator flux-linkage in
consideration of a flux-linkage displacement angle. This
approach consists of a total number of two PI controllers
which is one of the reasons for its employed within this
work. A comparative performance study between FOC
and DTC for PMSM is presented in [7] and for the IM in



[5]. A comparison of different DTC control architectures
for the PMSM is presented in [6], [17]. In order to give
a comparison between these methods for the SynRM
this work presents a performance evaluation of DTC and
DTC-SVM with respect to the performance of the FOC.

The following sections include the mathematical
model of the SynRM and a short review of the DTC
and DTC-SVM scheme based on [1], [16]. Finally, the
control methods are evaluated in Matlab/Simulink and
compared to FOC analyzing the phase current THD,
torque ripple and torque transients of the SynRM.

II. MOTOR EQUATIONS OF THE SYNRM

The voltage equations of the simulated machine
model are defined in the rotor oriented reference frame
as [16]:
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where vg, vg: stator phase voltage; R: stator resistance;
i4, iq: Phase current; we: electrical rotor speed; Lg, Ly:
stator phase inductance; \g, A,: stator flux-linkage.

The electromagnetic torque 7, is given for the three
phase SynRM in the stator reference frame by [16]:
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where 7;: load torque; p: number of poles; J: motor
inertia; w,: mechanical rotor speed.

III. CONTROL PRINCIPLES
A. Direct Torque Control

The general DTC involves direct control of the stator
flux-linkage and electromagnetic torque by applying opti-
mal voltage switching vectors through the VSI. The DTC
architecture as illustrated in Fig. 1 includes the estimation
of the stator flux-linkage vector and its position and the
electromagnetic torque estimation. The input of the bi-
positional hysteresis comparators is the electromagnetic
torque error and stator flux-linkage error.
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Fig. 1. Basic DTC Scheme

The reference torque is computed by the output of the
speed controller and the reference flux-linkage modulus
is given by the selected current angle control method
as stated in [13] in dependence of the electromagnetic
torque reference in accordance to (11). The selection of
optimal VSI voltage vectors given in Table I depends on
the output state d) and dp of the bi-positional hysteresis
comparator and the information of the stator flux-linkage
sector position of p;_g [16]. The stator flux-linkage
vector \ can be estimated from the stator voltage vector
¥ and stator current vector ¢ in the stationary reference
frame by:

A= /(@—Pj)dt 7)
An electromagnetic torque estimation can be computed
through (5). The estimation of the stator phase voltages is
obtained by the information of the VSI switching states
using:
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with Sy p.c{0,1} as the VSI gate signals for leg A, B, C
(1 for upper switch on, lower switch off and O for upper
switch off, lower switch on); Vpco: DC-Link voltage;
Vap,c: stator phase voltage [16].

TABLE L OPTIMUM ACTIVE SWITCHING VOLTAGE
VECTOR LOOK-UP TABLE: %, _¢(S4, Sz, Sc); 71(1,0,0),
62(17 170)’ @3(07 17 0)’ @4(07 17 1)’(55(07 07 l)a 66(17 07 1) [16]
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B. Direct Torque Control - Space Vector Modulation

The general DTC scheme can be extended with SVM
to obtain constant switching frequency and to reduce the
stator phase current distortion [2], [8], [18]. A direct
torque control method in stator reference frame for the
PMSM is proposed in [1]. There, the stator voltage vector
reference is predicted from an estimation of the stator
flux-linkage vector with a displacement angle Aé. The
electromagnetic torque 7. of the SynRM as a function
of § is given by (11), (12), (13).
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where A is the stator flux-linkage modulus and ¢ is the
angle of the stator flux-linkage space vector with position
p with respect to the direct-axis of the rotor with position
0 as illustrated in Fig. 2 and described by (13) [16].

Fig. 2. Stator Flux-Linkage Phasor in the Stationary and Rotor
Reference Frame

Reference [1] assumes a predictable torque error for
a given stator flux-linkage reference \* which is shifted
by an angle A with respect to \. In case of the SynRM
the resulting torque error can be written as:

Co3p(1 1\1
Ale = 33 (Lq _Ld) 2
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The compensation of the torque error is achieved by
considering the displacement angle A§ when the stator
reference flux is predicted [1]. This is accomplished

by firstly writing (7) in discrete form with At as the
sampling time as shown in (15), (16)

(k) = [valk) = Ria(k)] At + Aa(k — 1) (15)

As(k) = [vg(k) — Rig(k)] At + Ag(k — 1) (16)

and by considering A¢ in the flux-linkage prediction
(17), (18).

N(k) = N (k)| coslp(k) + AS(K)] (17)

Ny = Nk sin[o(k) + Ad(R)] (18)

Finally, the stator reference voltages can be written as
shown in (19), (20) [1], [2].
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The block diagram of the DTC-SVM architecture is
shown in Fig. 3. The output of the torque controller
functioned as the load displacement angle input of the
space vector prediction stage. The reference modulus of
the stator flux-linkage vector selection follows the current
angle control method as stated in [13] in dependence
of the electromagnetic torque reference in accordance to

(11).
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Fig. 3. DTC-SVM Scheme

IV. SIMULATION RESULTS AND DISCUSSION

The following results are based on simulations
in Matlab/Simulink. The DTC, DTC-SVM and FOC
schemes are performed on the aforementioned model
of the SynRM with parameters given in Table II. The
machine model does not include saturation or cross cou-
pling effects and iron- and friction losses are neglected.
All simulation results are recorded at fixed base speed
of the motor. For a fair comparison between DTC and



FOC/DTC-SVM, the flux and torque tolerance band of
the bi-positional hysteresis comparators of the DTC are
adjusted to perform at the same switching frequency as
shown in Table III. The current angle of the control

methods is adjusted to perform at maximum power factor
(MPFC) in accordance to [13].

Figure 4 shows the phase current THD (Total Har-
monic Distortion) as a function of the switching fre-
quency. With increasing frequency all control methods
result in reduced phase current distortion. The FOC and
DTC-SVM result in similar current distortions which are
lower than the distortion of the DTC scheme. Figure
4 also demonstrates that the SVM could be effectively
adopted as DTC strategy for the SynRM in order to
reduce the phase current distortion.
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Fig. 4. Phase Current Distortion (THD) vs. Switching Frequency at
fixed 220 rad/sec and SONm

The fast torque dynamic of the DTC and DTC-SVM
is illustrated in Fig. 5. DTC and DTC-SVM reject the
load disturbance step change faster compared to the
FOC, whereby DTC-SVM displays larger undershoot.
The resulting torque ripple of the DTC is significant
higher compared to FOC and DTC-SVM which is also
illustrated in Fig. 6 over various switching frequencies.
The lowest torque ripple achieves the DTC-SVM scheme
at each measured operation point. The current THD and
the torque distortion of the DTC scheme increase faster
for decreasing frequency in comparison to the DTC-SVM
and FOC.

TABLE II. SYNRM PARAMETER
DC-Bus Voltage Vpo = 800V
Stator Resistance R =0.15180

D-Axis Stator Inductance Ly =0.035H

Q-Axis Stator Inductance | L, = 0.003H

Motor Inertia J = 0.0688kg?>
Number of Poles p=4

Full Load T; = 100Nm

Base Speed Wy = 220%

Load Step

Wl —Electrical Torque DTC ->Torque Ripple (peak-to-peak) =8.3094Nm -> (16.6188%)
100 ’V\/\’ Electrical Torque DTC-SVM ->Torque Ripple (peak-to-peak) =2.2921Nm -> (4.5843%)
i, —— Electrical Torque FOC ->Torque Ripple (peak-to-peak) =2.433Nm -> (4.8659%)

S A —Load Torque
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Fig. 6. Torque Ripple vs. Switching Frequency at fixed 220 rad/sec
and SONm

TABLE III. DTC TOLERANCE BAND PARAMETERS AT
DIFFERENT FREQUENCIES
f [kHz] 5 8 10 15 20
AT[Nm] (peak to peak) 16 10 8 4.4 3.4
AMX[Wb] (peak to peak) | 0.001 | 0.001 | 0.001 | 0.001 | 0.001

V. CONCLUSION

This paper presented a comparative evaluation of
DTC, DTC-SVM and FOC strategies with respect to
phase current and torque distortion at different switching
frequencies. It has been shown that DTC of the SynRM
can be extended with SVM in the stator reference frame
by using a prediction of the stator flux-linkage in consid-
eration of a flux-linkage displacement angle. The DTC-
SVM results in most of the measured cases in reduced
phase current distortion and reduced torque ripples at
various switching frequencies compared to the general
DTC and FOC and achieved faster reference torque
tracking in comparison to FOC. For this reason, DTC-
SVM can be considered as an adequate alternative to
the general FOC and DTC in SynRM applications where
high dynamic torque disturbances must be compensated
within a minimum amount of time.
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