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Abstract This paper is concerned with two popular and
powerful methods in electrical drive applications: field-
oriented control (FOC) and space vector modulation
(SVM). The proposed FOC-SVM method is incorporated
with a predictive current control (PCC)-based technique.
The suggested method estimates the desirable electrical
torque to track mechanical torque at a fixed speed
operation of permanent magnet synchronous motor
(PMSM). The estimated torque is used to calculate the
reference current based on FOC. In order to improve the
performance of the traditional SVM, a PCC method is
established as a switching pattern modifier. Therefore,
PCC-based SVM is employed to further minimize the
torque ripples and transient response. The performance of
the controller is evaluated in terms of torque and current
ripple and transient response to step variations of the
torque command. The proposed method has been verified
with MATLAB-Simulink model. Simulation results con-
firm the ability of this technique in minimizing the torque
and speed ripples and fixing switching frequency,
simultaneously. However, it is sensitive to parameter
changes.

Keywords permanent magnet synchronous motor
(PMSM), predictive current control (PCC), field-oriented
control (FOC), space vector modulation (SVM), constant
switching frequency

1 Introduction

In recent years, permanent magnet synchronous motors
(PMSMs) have gained an increasing popularity in a variety
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of industrial applications [1]. In addition, many researchers
have tried to reduce the torque pulses and harmonics in
PMSM. There are many ways to use power converters to
fix the voltage or current in a PMSM driver to desired set
point. There are two popular modulation methods for
inverter voltage control. One is voltage control (such as
six-step, sinusoidal, and space-vector modulation), and the
other is current control (such as hysteresis and delta
modulation) [2]. Since important improvements have been
made regarding the control techniques of the special
machines, adequate operation for any industrial application
is obtained with the appropriate supplying-motor assem-
bly. In the same way, two of the control techniques, which
are called field-oriented control (FOC) and direct torque
control (DTC), respectively [3], are widely used in this
industrial environment. These control strategies are
different on the operation principle but their objectives
are the same. They both aim to control effectively the
motor torque and flux in order to force the motor to
accurately track the command trajectory regardless of the
machine and load parameter variation or any extraneous
disturbances. Both control strategies have been success-
fully implemented in industrial products [4].

DTC is able to produce very fast torque and flux control,
if the torque and the flux are correctly estimated, and will
be robust with respect to motor parameters and perturba-
tions. By controlling stator current by FOC, it reduces
torque ripple for quieter motor operation. The supporters of
FOC and DTC claim the superiority of their strategy versus
the other. The question of which strategy is superior has
not been clearly answered [5]. Nonetheless, the DTC-
based controllers are very little sensible to the parameters
detuning in comparison with FOC, and operation with
variable switching frequency and large torque ripple (due
to the hysteresis comparators) are the disadvantages of
these controllers [6].

The idea of combining the advantages of DTC and
PMSMs into a highly dynamic drive appeared in the
literature in the late 1990s [7,8]. In the past decade, several
authors have proposed ways to adapt DTC to work with
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PMSMs [9]. In 1989, Ref. [10] presented the PMSM,
which was one of several types of permanent magnet (PM)
alternating current (AC) motor drives available in the
drives industry. They did not consider the damper wind-
ings and designed the motor drive system in FOC.
Reference [11] developed FOC in PMSM and presented
a microprocessor-based FOC for PM hysteresis synchro-
nous motor. Recently, some researches have been devoted
on the torque and flux ripple reduction and fixing the
switching frequency of the DTC system [12—17]. In the
literature, a modified DTC scheme with fixed switching
frequency and low torque and flux ripple was introduced in
Refs. [14-17]. With this design, however, two proportional
integral (PI) regulators are required to control the flux and
torque, and they need to be tuned properly. To reduce the
torque ripples, Ref. [18] proposed a fuzzy logic algorithm
to refine the selection of the voltage vectors. By using the
space vector modulation (SVM), the torque and flux
ripples can be more significantly reduced [19].

With mentioned in literature, the high current and torque
ripple in DTC are due to the presence of hysteresis
comparators together with the limited number of available
voltage vectors [20]. Due to this disadvantage of conven-
tional current control, the current control of a PMSM by a
predictive current control (PCC) technique based on SVM
was presented in Ref. [21]. Other references applied
predictive current control technique to PMSM drive
system and voltage source inverter in Refs. [21-24] and
Refs. [25-27], respectively. Reference [23] proposed a
technique to reduce the current errors that exist due to the
inaccuracies in the system parameters and the nonideal
behavior of the inverter. In addition to these, Ref. [22]
discretized the PMSM module to improve transient and
steady state, which is better than the conventional
predictive current controllers.

The significant advantages of SVM are the ease of
microprocessor implementation [28]. Also, one advantage
of FOC is that it increases efficiency, letting smaller motors
replace larger ones without sacrificing torque and speed.
Another advantage is that it offers higher and more
dynamic performance in the case of speed and torque
controlled AC drives [29]. Therefore, in order to utilize the
capabilities of FOC and SVM techniques and eliminate the
problems of variable switching frequency, a predictive
current control-based method (compatible with both FOC
and SVM methods) is proposed. In addition to the constant
switching frequency, the proposed predictive technique is
employed to reduce speed and torque ripple (by predicting
the proper vector of the applied voltage at the PMSM
terminal). The method uses the d-¢ form of motor
equations and discretizes the equations to have controlled
torque with lower error. The discretizing process in
constant time period (7), leads to operate the proposed
PMSM driver with constant switching frequency (1/7 Hz).
The electromechanical relations of PMSM are used to

estimate the desired currents and proper voltage vectors in
synchronous speed terms.

2 Analytic mode of PMSM

Permanent magnet synchronous motor has widely been
studied in the last two decades. The majority of devoted
methods on PMSM are a set of equations depending on
rotor position. By representing the motor equations in rotor
reference frame, there is a set of equations independent of
rotor position. The d and ¢ axis currents will be obtained
from two transformations. The first part transfers the three
phases (a,b,c) to two phases (a,f). The second part is the
quantities at stationary frame to rotational frame:

1 1

- - i,
Iy 2 2 2
=7 i | (1
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where 6 represents the rotor position, i, and iz are the stator
currents at stationary reference frame, and i; and i, are the
stator currents at rotational reference frame.

Electromechanical behavior of the PMSM in the d-q
frame is as follows:
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where R represents stator resistance, V; and V, represent
stator voltages at rotational reference frame, w, repre-
sents rotor electrical speed, i, represents zero-sequence
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components of stator current, 4; and 4, represent stator
flux at rotational reference frame, A, represents stator flux
linkages due to the permanent magnet, 7, represents
electrical torque, p represents the number of pole pairs, J
represents rotor inertia, 7,, represents mechanical load
torque, and L, and L, represent stator inductance.
If the angle between stator and rotor field flux is kept at
90°, then
iy =0,

(1D

where i; represents stator reference currents at rotational
reference frame.
By this assumption and considering that i, = 0, we can

determine i,, which leads to controlling the electrical
torque:
3.
I, = Eplmlq' (12)

It should be mentioned that a predictive process will be
present to have constant motor speed accompanied with
low error torque tracking procedure.

3 Traditional SVM

SVM for three phase voltage source inverters is based on
the representation of the three phase quantities as vectors in
a two-dimensional (af) plane. The reference voltages are
given by space voltage vector, and the output voltages of
the inverter are considered as space vectors. There are eight
possible output voltage vectors: six active vectors V,— V5,
and two zero vectors V7, Vg (Fig. 1). The reference voltage
vector is realized by the sequential switching of active and
zero vectors. According to the SVM method, the inverter
will switch between switching vectors (V;—Vg) with
consideration of angle of desirable voltage (6). However, a
disadvantage of SVM is that it requires complex online
computation that limits the inverter switching frequency
[30].
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Fig. 1 Output voltage represented as space vectors

4 Proposed predictive FOC-SVM method

PMSM control techniques can be divided into scalar and
vector control. The problem with scalar is that motor flux
and torque, in general, are coupled. The vector control
theory provides a control strategy to regulate the
instantaneous rotational torque in electrical machines. In
this control technique, the magnitude of stator and rotor
flux and their mutual angle are considered.

The vector control of currents and voltages results in the
control of the spatial orientation of the electromagnetic
fields in the machine, and it has led to the field, called
orientation-field. Oriented control usually refers to con-
trollers that maintain a 90° orientation, referred to as field
angle control or angle control.

To have an independent controlled orthogonal special
angle (electrical) between stator and rotor flux, the angle
between stator and rotor field flux should be kept at 90°,
which leads to

i;=0—15=0,
{d d (13)

iq = iSa
where i is stator current. In other words, the desired value
ofi; is zero. Therefore, the d axis reference current is taken
as zero, i; = 0. In order to calculate the ¢ axis reference

current, the following relations are suggested. Eq. (10) can
be represented in discrete state:

do, p
o =g TemBo—Ty)
B . (n + lgfa)r n) _ E(Te(n)war(n)*Tm(")L
(14)

where B represents damping coefficient, 7 represents
sample time in discretizing process, w,(n) represents rotor
speed at the existing sample, and w,(n + 1) represents
rotor speed at the next sample.

By considering this fact that the synchronous motor has
a fixed speed, then, we would have w,(n + 1) as a known
parameter of the next sample condition. The desired value
of T,(n) will be derived as follows:

orn+1) = o, (15)

* — Bw.(n n i w;ﬁia)r(n)
T2 ) = Bt + Tolo) +2(Z20) g

where w; represents rated speed (rpm).
With regards to Eqs. (12) and (16), the g axis reference
current can be obtained as

i = 3p2Am <Ba}r(n) + T(n) +‘l’—7(4“’f ;”f(”)>>, (17)

where i, represents stator reference currents at rotational
reference frame.
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Substitute Egs. (6), (7) in Egs. (3), (4), respectively, we
can represent the equations of PMSM in d-¢g frame as

di
V, = Ri, + Lyow,ig + Apw, + L~

18

L ay)
diy, da,

Vy = Rig—Lyoi, + Ldf + (19)

We can write Egs. (18) and (19) in discrete time,
considering the concept of derivation in discrete time:

Vd(n) = Rid(n) _qur(n)iq (}’l)

ig(n+1)—iq(n)

+ Ly T , (20)
Vq(n) = Riq(n) +der<n>id(n) + wr(”)/\m
+L iq(” + 1)_iq(”) @1

q T ?
where i,(n) and i (n) represent stator d-g axis currents at
the existing sample, and i;(n + 1) and i (n + 1) represent
stator d-q axis currents at the next sample.

The subscript n represents the present time values and
n+ 1 represents the values in the next sample. Note that
the duration between two samples is equal to 7. With
regards to Egs. (20) and (21), the estimated values of i; and
i, at the next sample (i;(n+ 1) and i,(n+ 1)) can be
obtained as

ja(n+ 1) = iy(n) + LZ(Vd(n)Rid(n)
+ Ly (n)iy(n)), (22)
X cp=

6

iy(n+1) = i,(n) + L—(Vq(n)fRiq(n)

7der(n)id(n)7wr(n)/1m)‘ (23)

According to Egs. (22) and (23), by keeping the existing
voltage vectors (7;,V,), the d- currents at the next sample
are obtained.

In order to reduce the speed error and torque ripple, the
estimated d and ¢ axis currents (i;(n + 1) and i,(n + 1))
must track the reference d and ¢ axis currents (i; and i;)
accurately. The error between the references and n + 1
state current (calculated currents in Egs. (13), (17) and Egs.
(22), (23), respectively) motor are defined as

{ Aig =iy—ig(n+1), 24)
Aiy =i —i (n+ 1),
where Ai; and Ai, represent stator d-g axis current errors.

With the above definition, we can establish the SVM
technique in the proposed predictive FOC method. With
regards to Fig. 1, by having the rotor angle (), Ai;, and
Ai,, the proper switching state (correspondingly the proper
voltage vector) will be chosen.

As a matter of fact, the negative amounts of Ai; and Ai,
indicate that the proper vector must increase i; and i,
through the next sample. Also, the positive amounts of Ai;
and Ai, indicate that the proper vector must decrease i; and
i, through the next sample. As an example, for § = 45°, the
switching pattern is shown in Fig. 2. As shown in Fig. 2,
the proper voltage vector is selected in terms of probable
values of Ai; and Ai,. In the mentioned example, there are
two possible switching vectors (110, 010 and 001, 101,

<

z
2
|

Fig. 2 Switching pattern in terms of probable values of Ai;, A, and rotor angle
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Table 1 Selecting pattern of proper voltage vectors
voltage vectors Aiy, > ¢ —e<Ai;<¢ Aiy, < —¢&
Aiy >0 Aiy <0 Aiy >0 Aiy <0 Aiy >0 Aiy <0

-m/6 <0 <m/6 110 010 111 000 101 001
/6 <6 <m/2 010 011 111 000 100 101
n/2 < 6 < 5n/6 011 001 111 000 110 100
51/6 <0< Tn/6 001 101 111 000 010 110
Tn/6 < 0 < 3m/2 101 100 111 000 011 010
3n/2 <0< 11n/6 100 110 111 000 001 011

respectively). In this situation, the desirable vector is
selected in terms of greater increase or decrease of i, (when
Aig >0 and Ai, > &, the 010 switching vector leads to
increase of i;; and when Ai; < 0 and Ai, < —¢, the 010
switching vector leads to the increase of i,). In the similar
way, the switching pattern, in terms of 0 < 8 < 2m, can be
presented in Table 1.

It should be mentioned that the obtained switching
vectors are applied through a sample (7). Due to this
scheme, the switching frequency is fixed in 1/T Hz.
Therefore, the constant switching frequency reduces the
switching looses.

5 Simulation Result

The block diagram of the proposed PMSM drive is shown
in Fig. 3. As shown in Fig. 3, the SVM technique is
incorporated with the proposed predictive field-oriented
controller. The d-g axis currents and voltages, speed, and
mechanical load of the PMSM are applied to the predictive
FOC. Thereupon, the difference between estimated and
reference d-g currents is utilized to the SVM rules
(established in Table 1). Consequently, the obtained
switching vectors are applied to the voltage source inverter
through a constant switching period. It is clear that the high
switching frequency leads to proper operation of the

switching
vectors
SVM >
Table 1 >
A -
Aiy Aiy
=l
i Y L
predictive iy e
ficld oriented  |e—dg /|« f =
controller e /8 [le— /abc
I

— dq
1 load torque
speed

Fig. 3 Block diagram of proposed PMSM drive

proposed drive. Simulation parameters (such as PMSM,
voltage source inverter) are listed in Table 2.

Table 2 PMSM parameters in simulation model

parameter description value
p number of pole pairs 2
RIQ stator resistance 1
Ly, Ly/mH stator inductance 6
An/Wb rotor magnet flux 0.2
J/(kg~m2) rotor inertia 0.001
B damping coefficient 0.0004
Vbc/V DC voltage 300
,/rpm rated speed 2000
Tn/(N-m) rated torque 10
f/kHz switching frequency 20
- power switches IGBT

As mentioned in Table 2, the reference speed is set in
2000 rpm. In order to show the performance of the
proposed controller, a sudden load change is applied to
the PMSM. With regards to Fig. 4, the electrical torque
tracks the mechanical load torque properly. Figure 4
depicts that the electrical torque response has minimum
error (mechanical torque changes: 5 to 8 N-m at 0.8 s).
Furthermore, the electrical speed in terms of the arbitrary
reference speed (exhibited in Fig. 5) has minimum ripple,
error. Also, according to Fig. 5, the fast transient response
of electrical torque is a result of the proposed method. In
fact, a considerable step up in mechanical load will cause a
considerable speed reduction. Therefore, the duty of a
controller is reducing motor speed drop at minimum
transient time. Furthermore, the motor drive must keep the
speed error in the steady-state at admissible range.
According to Fig. 4, the error of the electromagnetic
torque produced by the motor in steady-state is around 2%
and 1.25% at 5N-m and 8 N-m of the mechanical load
torque, respectively. Therefore, the electrical torque of
PMSM can be tunable in a tolerable range of mechanical
torque with fast transient response and low error at steady-
state. The rotor electrical angle is shown in Fig. 6.
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The current and voltage waveforms for transient state
and steady state operations of the proposed method are
shown in Figs. 7 and 8, respectively. It can be seen that the
three phase motor currents are symmetric with low ripple.
Also, the output of the voltage source inverter (VSI) is a
unipolar square waveform voltage. The switching statuses

—— electrical torque
9t mechanical torque

8 W

torque/(N-m)
e |

0.05 0.10 0.15
time/s

(a)

electrical torque
mechanical torque

5.2

torque/(N-m)

4.8

0.045 0.050 0.055 0.060 0.065 0.070
time/s
(b)
Fig. 4 Dynamic change in load torque: electrical and mechanical
torque. (a) Displaying of entire torque signal; (b) displaying a
specified part of torque signal around 5 N-m
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speed/rpm

1992

1990 F

— reference speed

rotor speed

0.05 0.10 0.15
time/s
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Fig. 5 Electrical speed of PMSM during a dynamic change in
load torque

during an arbitrary observation window (with length of
6ms as shown in Fig. 9) demonstrate the reduction of
switching loses properly. For example, in the considered
observation window (as shown in Fig. 9), the vectors Vs
and Vi are repeater than V; and Vg, whereas the vectors V;
and Vy are repeaters as compared to the others. According
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Fig. 6 Rotor position obtained in simulation
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Fig. 7 Three phase stator currents of PMSM
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Fig. 8 Output voltage of voltage source inverter (VSI): phase A
(applied to PMSM)
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Fig. 9 Switching statuses during an arbitrary observation
window (with length of 6 ms)
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Fig. 10 Stator flux in of reference frame during an abrupt
mechanical torque change at 0.08 s. (a) Displaying of entire flux
signal; (b) displaying of a specified part of flux signal around
0.21 Wb

to Fig. 10, the proposed predictive FOC-SVM-based
technique is able to reduce the transient state of stator flux
at torque variation times 0.08 s. Also, Fig. 10 shows that
the stator flux has minimum error and variation.

In order to make comparison of the proposed method in
this paper with a recent work on the PMSM drive field, we
chose Ref. [31].

Reference [31] proposed a filter topology to reduce the
torque ripple and harmonic noises in a PMSM controlled
by FOC composed with a hysteresis current controller. The
proposed method used to generate the voltage reference
signals is related to the control algorithm of the motor,
which uses the motor model in the rotor d-g reference
frame and the rotor FOC principles with monitored rotor
position/speed and monitored phase currents [31]. The
motor performances before and after applying the
suggested technique in Ref. [31] are shown in Fig. 11.
As shown in Fig. 11, in comparison with the presented
result in Figs. 4 and 7, the proposed method in this paper is
superior to the method proposed in Ref. [31]. The
advantage of the proposed method in this paper is lower
torque and current ripples without using a compensation
element (active filter in Ref. [31]). According to the
method, PCC in comparison to hysteresis current con-
troller leads to lower current ripple.
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Fig. 11 Motor performances before and after applying the
suggested technique in Ref. [31]. (a) Motor torque; (b) motor
lines current

6 Conclusion

This paper proposes a new method for PMSM drive
based on FOC and SVM. The present work has been
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incorporated with the PCC technique. The proposed
predictive method estimates the stator current at the next
sample using the motor equations. Also, on the basis of the
field-oriented control, the reference currents of PMSM are
calculated in terms of minimum torque ripples and fixed
speed operation. Thereupon, the difference between
estimated and calculated reference currents is applied to
choose a proper switching vector based on SVM. Several
numerical simulations using MATLAB-Simulink have
been carried out in steady-state and transient-state.
According to the results, the proposed technique is able
to reduce torque ripple, speed error, and transient-states at
abrupt mechanical load changes. As a symptom, the torque
ripples is limited to 2% and 1.25% at 5 N-m and 8 N-m of
the mechanical load torque, respectively. In addition, some
other advantages can be enumerated, for instance, constant
switching frequency, fast transient response, low current
ripple, and tunable output torque and speed with lower
error.
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