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Abstract—This paper analyzes the effect of zero voltage
vectors on the torque and stator flux of a direct torque controlled
salient-pole permanent-magnet synchronous motor (PMSM).
Four different schemes of using the zero voltage vectors are
studied for an adaptive saturation controller-based direct torque
control (DTC) system for salient-pole PMSMs. The four schemes
generate four different pulse-width modulation (PWM)
waveforms in each control cycle of the DTC system, which are
three-voltage-vectors-based minimum discontinuous PWM
(DPWMMIN), maximum discontinuous PWM (DPWMAX), and
discontinuous PWM (DPWM), and four-voltage-vectors-based
continuous PWM (CPWM). Compared to the DPWMMIN,
DPWM, and DPWMMAX, the CPWM can achieve a lower
torque ripple, less steady-state torque error, and more sinusoidal
stator current with a higher switching frequency and, therefore,
has a higher switching loss of the power converter. The effect of
different zero voltage vector selection schemes is verified by both
simulation and experimental results for a 200-W salient-pole
PMSM drive system.

Keywords—direct torque control (DTC), duty ratio modulation
(DRM), permanent-magnet synchronous motor (PMSM), pulse-
width modulation (PWM), saturation controller, zero voltage vector
selection.

I. INTRODUCTION

Direct torque control (DTC) was first proposed by
Takahashi, Noguchi, and Depenbrock in the 1980s for
induction motor (IM) drive systems [1], [2]. In the DTC
method, according to the position of the stator flux and the
errors between the reference and calculated values of the
electromagnetic torque and stator flux, suitable voltage vectors
are selected to control the stator flux and electromagnetic
torque of the motor directly. Compared with the vector control
method, the DTC has the advantages of fast torque response,
simple implementation, etc. Because of these advantages, the
DTC was soon applied to permanent-magnet synchronous
motor (PMSM) drive systems in the 1990s [3]-[5].

In the conventional DTC-based PMSM drive systems, six
nonzero voltage vectors are employed to control the
electromagnetic torque and stator flux. This, however,
generates problems such as torque ripples and nonconstant
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switching frequency which deteriorate the system performance.
To solve these problems, several methods of using zero
voltage vectors have been proposed for the DTC PMSM drive
systems. One method is the space vector modulation-based
DTC [6]-[8], where a voltage vector that would exactly
compensate the errors of the torque and stator flux was
calculated and synthesized by adjacent nonzero voltage
vectors and two zero voltage vectors. This method can
effectively reduce torque ripples but needs a complex
calculation and the information of motor parameters.

Another method is the duty ratio modulation (DRM),
which reduces both the torque and stator flux ripples [9]-[12].
In each sampling cycle, according to the duty ratio determined,
appropriate nonzero voltage vectors are first selected and used
during part of the cycle; and, then, appropriate zero voltage
vectors are used during the rest of the cycle. The
determination of the duty ratio for the nonzero voltage
vector(s) is the key issue of the DRM method. Recently, a
novel DRM DTC called DDTC was proposed in [10] to
reduce both the stator flux and torque ripples by using the
torque and stator flux slopes to determine the DRM. However,
these DRM DTC methods also need motor parameters and
have high computational costs. An adaptive saturation
controller-based DRM DTC was proposed in [12], where both
the signs and the magnitudes of the torque and stator flux
errors were used to reduce the torque and stator flux ripples
and eliminate the torque tracking errors in the steady state.
However, only the zero voltage vector (000) was used in the
switching table. The effect of using zero voltage vectors (000)
and (111) on the performance of the torque and flux ripple
reduction was not studied in [12].

The aim of this paper is to extend the work in [12] to study
the effect of four different schemes of using the zero voltage
vectors (000) and (111) on the torque and flux ripples, steady-
state torque errors, total harmonic distortion (THD) of stator
currents, and switching frequency of the adaptive saturation
controller-based DRM DTC PMSM drive systems. The four
schemes generate four different PWM waveforms, i.e., the
three-voltage-vectors-based minimum discontinuous PWM
(DPWMMIN), discontinuous PWM (DPWM), and maximum
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discontinuous PWM (DPWMMAX), and the four-voltage-
vectors-based continuous PWM (CPWM), in each control
cycle of the DTC system. The performance of the four zero-
voltage-vector-selection schemes is evaluated by simulation
studies in MATLAB/Simulink and experimental studies on a
200-W salient-pole PMSM drive system. Results show that the
CPWM scheme has lower torque ripple, less steady-state
torque error, and lower stator current THD but a higher
switching frequency than the DPWMMIN, DPWM, and
DPWMMAX schemes.

II. ZERO VOLTAGE VECTOR SELECTION SCHEMES FOR A
SATURATION CONTROLLER-BASED DTC PMSM DRIVE

A. The Saturation Controller-Based DTC System for a
PMSM Drive

The schematic diagram of the saturation controller-based
DTC system [12] for a PMSM drive is shown in Fig. 1, which
consists of four parts: a torque and stator flux estimator, two
saturation controllers, a hysteresis comparator, and a switching
table. Based on the sector number determined by the location
of the stator flux vector and the outputs sr and s, of the
saturation controllers, a combination of multiple voltage
vectors is selected from the switching table and then applied to
the inverter to minimize the torque and flux errors. The two
saturation controllers output not only the discrete state 0 or 1
but also continuous values between 0 and 1. This makes the
voltage vector selection more flexible and avoids overusing the
nonzero voltage vectors in one sampling period. In addition, an
ancillary torque hysteresis comparator is designed to provide a
supplementary signal cr to judge when a sharp torque change is
required to ensure a fast dynamic response of the DTC system.
The execution time for zero voltage vectors is determined by
the output of the torque saturation controller s7. According to
the values of sr and s, the desired duty ratio vector of the
inverter, d, can be modified as follows considering the two
zero voltage vectors V5 (000) and V7 (111).
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Fig. 1. The saturation controller-based DTC system for a PMSM drive.
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where Vi1 and vuz are the two active (nonzero) voltage
vectors; x determines the weights of the two zero voltage
vectors and can be a constant or a variable. The nonzero
voltage vectors and two zero voltage vectors are selected from
Table I and are in the same order as seen in the table. These
voltage vectors are selected in each control cycle based on the
position of the stator flux ; in one of the six sectors and the
torque comparator output cr. The activation time of each
selected voltage vector is equal to its coefficient in (1) (e.g.,
S8y for veen) or (2). In each switching cycle, (1) or (2) is
executed when cris equal to 1 or 0, respectively.

B. Proposed Switching Table for the Saturation Controller-
Based DTC with Four Zero Voltage Vector Selection
Schemes

Table I shows the switching table of the saturation
controller-based DTC system with four different schemes of
using the two zero voltage vectors Vy and V7. The four
schemes generate four different PWM waveforms in each
control cycle, which are the three-voltage-vectors-based
DPWMMIN (i.e., # = 1), DPWMMAX (i.e., g = 0), and
DPWM (i.e., u = 1 for Sectors 1, 3 and 5; u = 0 for Sectors 2,
4 and 6), and the four-voltage-vectors-based CPWM (i.e., u =
0.5). The DPWMMIN is the same as that used in [12], in
which only the zero voltage vector ¥y is used. Each scheme in
Table I outputs a combination of two nonzero voltage vectors
and one or two zero voltage vectors, which are synthesized to
generate the duty ratio for the inverter according to (1) or (2).

III. EFFECTS OF THE ZERO VOLTAGE VECTORS ON STATOR
FLUX AND TORQUE

For a salient-pole PMSM, the stator flux vector s in the
of stationary reference frame is expressed by

Vg (0= [ (Vs ()= R (1)t 3)

where vy and iyp are the stator voltage and current vectors in
the stationary reference frame, respectively; and R is the

TABLE I:
Switching Table of the Saturation Controller-Based DTC with Four
Different Zero Voltage Vector Selection Schemes.

PWM

Sector 1 2 3 4 5 6 Patterns
V5(110) | P5(010) [ ¥4(011) | ¥5(001) | V5(101) | #1(100)| Nonzero
V3(010) | Va(011) [ ¥5(001) | Vs(101)| V1(100) | ¥>(110)|  Vectors

V(000 | V(000) | #5(000) | Vo(000) | #5(000) | ¥5(000) | DPWMMIN
er=1 [Vo(000) [ P5(T11) [ Vo(000) | F5(111)| Vo(000) | V5(111)| DPWM

V(1D [V L) [ V(1D [ V(LD [ VA(111) | V(111) [DPWMMAX
¥5(000) | V(000) | ¥5(000) | Vo(000) | #5(000) | ¥(000)

oo Zan I Zan ZanZan ks
Vo(101) | ¥1(100) | V2(110)| V5(010)| V(01 1) | V5(001)| Nonzero
Vs(001) | V(10D [ #1(100) | P2(110)| V5(010) [ Va(011)|  Vectors

V5(000) | V(000) | #5(000) | Vo(000)| #5(000) | ¥5(000) | DPWMMIN
cr=0 [15(000) [ P5(111) | Vo(000) | F5(111)] Vo(000) | V5(111)| DPWM
V(L) [ V0D [ V(D) [ V(1D [ V(11D [ V4(111) [DPWMMAX
Vo(000) [ V(000) [ ¥4(000) [ V(000) [ F(000) [ Fo(000) | spurns
V(D) | V(1) [ V1D | V(D) [ V(1) | V(111)
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stator armature resistance.

Neglecting the voltage drop on the stator resistance, (3) can
be expressed in the discrete-time format as follows.

Vs O], =Vias O]y T4 Wi )], )

where T is the switching period. If zero voltage vector(s) are
used, the stator flux vector will remain constant, meaning that
both the angular position and the amplitude of the stator flux
vector remain unchanged. Then, the change of the load angle,
AJ, can be evaluated by

AS=AGy) — 0T, ==, (5)
where Ay is the change of the angular position of the stator
flux vector and we. is rotor electrical angular speed.

Assume that the stator flux vector lies in Sector 1. The
effect of the zero voltage vectors on the stator flux is illustrated
in Fig. 2, where y,q4(f) and y,qp(¢+75) are the rotor flux vector
at time ¢ and ¢+7; in the af stationary reference frame,
respectively. The dynamic equations of the salient-pole PMSM
in the rotor reference frame can be written as follows.

Vol |R+pL, -a@lL, |, 0
«|J RF P e ()
vyl | @L, R+pL|i,| @y,
3 o3 -
T;’:En.y/m.lsq—i_gn(lld _L‘I)l“{.l“[ (7)

where vy and vy are the d- and g-axis stator voltages,
respectively; i and iy, are the d- and g-axis stator currents,
respectively; Ly and L, are the d- and g-axis inductances,
respectively; y,, is rotor magnet flux linkage; p = d/dt is the
time derivative operator; 7T is the electromagnetic torque; and
n is the number of pole pairs.

The d- and g-axis stator flux linkages, ws and ., can be

expressed as
L 0|1
v, _| *a l.xd + Vi )
Vs 0 L |i, 0

According to (8), (7) can be rewritten as follows.
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Fig. 2. Effect of the zero voltage vectors on the stator flux vector.
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where 0 is the load angle and || is the magnitude of the stator
flux vector.

Taking the derivative of (9) with respect to time yields
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By discretizing (10), the torque variation can be expressed

as
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where |0 and Jy are the stator flux magnitude and the load
angle at the reference point, respectively; and |Ay;| is the
change of stator flux magnitude.

Since the use of zero voltage vectors (000) and/or (111)
will not change the position or magnitude of the stator flux
vector, the torque variation is only related to the load angle
variation. According to (5), when using zero voltage vectors,
the change of the load angle is proportional to the switching
period. Therefore, the torque variation is proportional to the
switching period. By using the four zero voltage selection
schemes, different switching periods can be generated to
reduce the torque variation.

IV. SIMULATION RESULTS

Simulation studies were carried out in MATLAB/Simulink
to evaluate the saturation controller-based DTC system with
the proposed four different zero voltage vector selection
schemes for a 200-W salient-pole PMSM drive system. The
parameters of the PMSM are given as follows. The maximum
speed is 3000 rpm; R; = 0.235 Q; Ly = 0.275 mH; L, = 0.364
mH; the voltage constant K, = 9.7 V/krpm; the number of pole
pairs is n = 4; and the momentum of inertia is J = 0.000007
kg-m?. The DC bus voltage of the inverter is 41.75 V. The
sampling frequency is 10 kHz. The boundaries of the torque
and stator flux saturation functions and the hysteresis
comparator are 0.3 N-m and 0.003 Vs, respectively.

The steady-state performances of the four zero voltage
vector selection schemes were compared for the PMSM
operating at 1500 rpm, where the commands of the torque and
the stator flux magnitude were 0.5 N'-m and 0.0135 V's,
respectively. The stator current, torque magnitude, and duty
ratio of the system using the four zero voltage vector selection
schemes are compared in Fig. 3. The steady-state torque error,
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torque ripples, THD of stator phase current, and switching
frequency of the four schemes are compared in Table II. The
average switching frequency, fa, is calculated by f., = N¢/T,
where Nr is the total number of switching times of one IGBT
switch of the inverter during a fixed period 7, which is 0.01 s
in the simulation. The results show that the CPWM achieves
the lowest torque ripple, least steady-state torque error, and
lowest stator current THD. However, the switching frequency
of the CPWM is higher than the other three schemes, but is
acceptable in the real control system.

Fig. 4 shows the simulation results of the steady-state
TABLE II:

Steady-State Performance of the Four Zero Voltage
Vector Selection Schemes.

Peri‘q’:;i“"" DPWMMIN | DPWM | DPWMMAX | CPWM
Steady-state 0.0080 | 00132 | 00073 | 0.0057
torque error (N-m)
Torque ripple (N'm) 0.0280 0.0337 0.0304 0.0134
THD of stator
phase comrent (%) 5.82 5.64 4.86 345
fw (kHZ) 6.7 6.7 6.7 10
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Fig. 3. Simulation results of the steady-state performance of the four
methods: (a) DPWMMIN, (b) DPWM, (c) DPWMMAX, and (d) CPWM.

4531

performance of the CPWM using different weights for the two
zero voltage vectors when the rotor speed is 1500 rpm and the
load is 0.5 N'm. It is clear that when the weight x is 0.5, the
CPWM can get the best steady-state performance, i.e.,

Steady-State Performance

! !
0.4 0.5 0.6 0.7 0.8 0.9 1
Weight of Two Zero Vector

Fig. 4. Steady-state performance of the CPWM using different weights of the
two zero voltage vectors.
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Fig. 5. Steady-state torque errors of the four PWM schemes at different
modulation indexes.
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Fig. 6. Steady-state torque ripples of the four PWM schemes at different
modulation indexes.
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Fig. 7. Stator phase current THDs of the four PWM schemes at different
modulation indexes.



minimum steady-state torque error, harmonic torque ripple,
and stator phase current THD. Figs. 5-7 show the steady-state
simulation results of the four PWM schemes using different
modulation indexes when the weight of the two zero voltage
vectors is 0.5, the rotor speed is 1500 rpm, and the load is 0.5
N-m. It can be seen that as the modulation index increases, the
steady-state torque error becomes larger and larger for the four
methods. The CPWM achieves the smallest torque error
during the whole range of the rotor speed. The steady-state
torque ripples when using the DPWMMAX, DPWM, and
DPWMMIN are quite close at the same modulation index and
are all larger than that when using the CPWM. Among the
four schemes, the CPWM has the smallest average stator
current THD during the whole range of the modulation index.

V. EXPERIMENTAL RESULTS

Experimental studies were carried out to further evaluate
the four zero voltage vector selection schemes for the 200-W
PMSM drive system used in the simulation studies. The control
algorithms were implemented in a dSPACE 1104 real-time
control system with a sampling period of 100 ps. The dead
time was set as 1 ps. The hardware setup of the experimental
system is shown in Fig. 8. Experiments were performed on the
system at the same operating condition evaluated in the
simulation study in Section IV, and the results are compared in
Fig. 9 and Table III. The CPWM achieves the best
performance in terms of the torque ripple, steady-state torque
error, and stator current THD, but has a higher switching
frequency than the other three schemes. The experimental
results agree with the simulation results.

VI. CONCLUSION

This paper has investigated the effect of four different zero
voltage vector selection schemes on the performance of a
salient-pole PMSM drive system using a saturation controller-
based DTC. The four zero voltage vector selection schemes
led to four different PWM generation schemes, which are the
three-voltage-vectors-based DPWMMIN, DPWM, and
DPWMMAX, and the four-voltage-vectors-based CPWM.
Compared to the other three schemes, the CPWM enabled the
DTC system to achieve the lowest torque ripple, steady-state
torque error, and stator current THD at a cost of a 50%
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Fig. 8. The experimental system setup.
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Fig. 9. Experimental results of the steady-state performance of the four
schemes: (a) DPWMMIN, (b) DPWM, (¢) DPWMMAX, and (d) CPWM.

TABLE III:
Steady-State Performance of the Four Zero Voltage
Vector Selection Schemes.

Perrfr?::‘rii“ce DPWMMIN | DPWM | DPWMMAX | CPWM
Steady-state 00220 |00198 | 00212 |0.0102
torque error (N-m)
Torque ripple (N-m) 0.0391 0.0390 0.0412 0.0217
THD of stator
phase corrent (%) 6.00 591 5.95 3.98
o (kHZ) 6.7 6.7 6.7 10

increase of the switching frequency. This has been verified by
simulation and experimental results on a 200-W salient-pole
PMSM system.
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