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Abstract: Simulation studies of three synchronous reluctance motor (SynRM) control strategies are presented: field-oriented

control (FOC), direct torque control (DTC), and finite-set model-predictive control (FS-MPC). FOC uses linear controllers and

pulse-width modulation to control the fundamental components of the load voltages vectors. In contrast, DTC and FS-MPC are

nonlinear strategies wherein the voltage vectors are directly generated in the absence of a modulator. Theoretical operating

principles and control structures of these control strategies are presented. Moreover, a comparative analysis of the static and

dynamic performance of the control strategies is conducted using Matlab/Simulink to identify their advantages and limitations. It

is confirmed that each of the control strategies has merits and that all three of them satisfy the requirements of modern

high-performance drives.
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1 Introduction

The well-designed synchronous reluctance motor
(SynRM) has recently attracted the attention of the
industrial and scientific communities because it has a
lower cost, a higher density, and simpler control than
5] Furthermore, the SynRM is

seen as a better alternative to permanent-magnet

the induction motor

synchronous motors and induction motors for

applications such as fans, washing machines, and
electric vehicles 1°!. Additionally, owing to the absence
of the winding and magnet in the rotor, it exhibits a
higher energy efficiency and field-weakening
capability 7,

High performance, a fast transient response, and
appropriate control flexibility of electric drives are
industrial

requirements for  various

applications 8 Two control techniques that have been

essential

widely investigated and reported for SynRM drives are
field-oriented control (FOC) and direct torque control
(DTC) B2 FOC is a linear strategy that uses linear

controllers and a pulse-width modulator to generate
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the voltages to be applied to the motor. Because FOC
exhibits good performance under both steady-state and
transient operating conditions, it has been widely used
in electric drive systems (3141 The control strategies
for the SynRM drive based on FOC can be divided
into three main categories: constant d-axis current
control, current angle control (CAC), and active flux
control. These categories mainly differ in the method
of generating the reference value of the currents in the

15-17
rotor reference frame 7

. Maximum torque per
ampere control can be considered a type of CAC; the
objective of this control strategy is to maximize the
electromagnetic torque for a given motor supply
current. This is equivalent to the minimization of the
motor copper losses for each torque value, which
results in a high efficiency of the drive system (18191
Despite FOC providing a good dynamic torque and
flux response, its structure is complex owing to the use
of proportional-integral (PI) controllers and a
modulator block, and tuning is necessary to achieve
good performance.

Compared with FOC, DTC has a simpler structure,
as it does not have any axis-transformation or
modulator blocks. In this control strategy, the optimal

voltage vector is selected from a predefined switching
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table according to the position of the stator-flux vector
and error signals provided by torque and stator-flux
hysteresis controllers 201, Despite the fast dynamic
DTC, it
performance degradation at low speeds, as well as a

response achieved by suffers from
high torque and flux ripple. To reduce the torque and
flux ripples of the standard DTC, space vector
modulation (SVM) based DTC was applied to SynRM
drives in Refs. [21-23]. However, although DTC-SVM
is useful for attenuating the flux and torque ripples, it
increases the complexity of the standard DTC B4 n
Ref. [25], a space vector pulse-width modulation-
based DTC (SVPWM-DTC) was

overcome the high torque ripples of the standard DTC.

proposed to

This approach significantly reduces the switching

losses in the switches but leads to a large

computational burden.
The FOC and DTC methods

requirements of most applications 2

satisfy  the
8, However, in
recent years, model-predictive control (MPC) has been
perceived as a favorable alternative to these control

methods 7.

MPC offers several advantages, for
instance, it has an intuitive design methodology, can
and nonlinearities in a
and has the ability of

multivariable control. Therefore, it is considered a

incorporate constraints

straightforward manner,

good choice in high-performance electric motor
drives.

MPC is divided into
continuous-set MPC and finite-set MPC (FS-MPC) [28]
Continuous-set MPC requires a modulator, and its

two main categories:

algorithm is complex S comparison, FS-MPC has
attracted more research attention because of its easy
implementation and constraint inclusion capabilities,
e.g., overcurrent

s .. [30-31]
minimization .

protection and switching-loss

FS-MPC does not require a modulator. The two
main types of FS-MPC are torque predictive control
and current predictive control (CPC) 132331 1n FS-MPC,
the inverter model is considered in the control
structure. Each possible switching vector is considered
in the calculation of the cost function. The one that
yields the minimum value of the cost function is
selected as the optimal output. FS-MPC has been
successful in various applications in power electronics

and electrical drive systems (3437,

In this work, FOC, DTC, and finite-set current
predictive control (FS-CPC) are discussed—starting
from their theoretical concepts—to illustrate the
different control concepts and system structures. The
control strategies are evaluated in Matlab/Simulink to
compare their performance under both transient and
steady-state operating conditions. The remainder of
this paper is organized as follows. Section 2 introduces
the mathematical model of the SynRM. In Section 3,
the theoretical principles of FOC, DTC, and MPC are
presented. Section 4 presents the simulation results,
and Section 5 presents the conclusions.

2 Mathematical model of SynRM

The voltage and flux equations of an SynRM in a dg

38
rotor reference frame are as follows **

o d
u, :Rgﬁ%—w,qu (1)
u, =Ri, + =+ o, @
v, =L, 3)
l//q = Lqiq (4)

where u,, u,, i,, i, v,, and ¥, represent the
stator-voltage, current, and flux-linkage components,
respectively; L, and L, represent the inductances
of the stator windings along the d- and g-axes; R,
represents the stator winding resistance; and @,
represents the rotor electrical angular speed.

The corresponding electromagnetic torque 7, and

motor dynamic equation are as follows
T =2 pw.i-wi)=>pL,~L)ii (5
e_2pl//dq l//qd _2p d q/%d"q

7:’ - TL = Jm dda;r + Bﬂ‘la)}/ (6)

where P, I,, J

m?>

and B, represent the number of
pole pairs, the load torque, the moment of inertia of
the rotor, and the viscous friction coefficient,
respectively.

If both i; and i, are suitable selected values, the
(5)-(6) can be

controlled to satisfy the torque of the load and the

electromagnetic torque in Eqgs.
speed command.

The electrical model of the SynRM is described
above without consideration of the magnetic and
cross-magnetic saturation effects. This phenomenon is
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not considered in the present study. Thus, L, and L,
are kept constant and set to their nominal values in the
three control strategies.

3 Theoretical principles of control strategies

In this section, the theoretical principles of FOC, DTC,
and MPC are discussed to illustrate the main concepts

and control structures.
3.1 FOC strategy

The working principle of FOC is to decouple the stator
currents into their flux- and torque-producing

components (iy and i, respectively). Consequently,

this strategy guarantees separated control of the flux
39-40]

and torque of the machine [

Fig. 1 [l displays the block diagram of a general
vector control system for a SynRM drive. The FOC
method employs three control loops.

The aim of the external control loop is to control the
rotor speed and provides the reference torque 7. . The
two internal control loops are aimed at regulating i,
and i, to control the torque and flux of the motor. Both
reference and measured stator-current components
along the d- and g-axis feed the two current loops,
which with the assistance of PI controllers, generate
the reference voltages u, and M; These voltages are
then converted from the dq reference frame into a
stationary reference frame and forwarded to the
modulator, which produces the gate signals of the

inverter power switches.

Uy
w2
<
L =
Yp
dq
labc
o,
p
| d | O

[Lar |

Encoder

Fig. 1 Block diagram of a general FOC system for a SynRM drive

As shown in Fig. 1, the decoupling terms are
employed in both current control loops to regulate iy
and i, separately. The decoupling terms—aw,yy and
wy,—are calculated with the aid of the two voltage
equations of the SynRM, i.e., Egs. (1) and (2).

The transfer functions of the SynRM in the two
current control loops (along the d- and g-axes) can be
deduced through some mathematical manipulations, as

follows
1 1
Gd (t) = =
sL,+R R (sT,+1)
| | (7)
T SL 4R, R(sT, +1)
where T,=L,/R and T,=L,/R  are the

electrical time constants along the d- and g-axes,
respectively, and s is the Laplace variable.

The closed-loop system for current control is
depicted in Fig. 2 (1,

i; + 1 u(; 1 ug 1 iy
Pid Ti, g I+sTy Ry(sTsat1)
PI controller ,; ; Inverter SynRM
rq'q
(a) Along the d-axis
i; K+ 1 u; 1 Uy 1 iq
Piq T s 1+sT, Ry(sTggt1)
PI controller oLgy ~ overter SynRM

(b) Along the g-axis

Fig. 2 Closed-loop system for current control

The inverter is commonly involved in the design
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process of these closed-loop systems as a delay equal

to [38]

)

where 7T, represents the sampling time.

s

In the s plane, the delay caused by the inverter can

be approximated by a first-order lag system 3]

x 1 x
g, (5) = exp(=sT)u,, (s) = Tos7 Yaa (s) (9

d

The PI parameters of the current controllers are

commonly designed using the amplitude method or the
pole-placement method Hz-43]

In spite of FOC providing a high dynamic torque
and flux response, its structure is complex owing to
the use of PI controllers and a modulator. Besides,

it needs some tuning to accomplish good

performance.

3.2 DTC strategy

Fig. 3 (1] displays the block diagram of a standard
DTC scheme for SynRMs. It contains a stator-flux and
torque observer, stator-flux and hysteresis controllers,
and a switching table. In DTC, the torque and flux are
regulated in a direct way, and there is no necessity for
current control loops, in comparison to FOC. The
stator-flux observer and torque estimator supply the
estimated stator flux ¥, and torque ZA“e , respectively.
The reference torque 7. is obtained using the speed
controller, whereas the reference value of the stator-flux
magnitude (| ) is set to its nominal value. The working
principle of DTC is to confine the torque error and flux
error to small hysteresis bands by selecting suitable
switching states of the hysteresis controllers (Hr), the
stator-flux hysteresis controller (H,), and the sector §; in

which the stator-flux vector is situated 4.

1
DC-link
Qy T, M\ °r 1 Hr HH
C+—> “él N\ [l Gate
2 Switching signals
lookup ]
. table 6
v g ev | T [ M
\'4
Ls
6 i
Y
’ } Udc
e Yop / off / |<
R Stator flux and ) 2 iy
Y torque observer toB ip )
7y abc ‘)
[4 @ SynRM
dr
|—] Encoder

Fig. 3 Standard DTC scheme for SynRMs

In the implementation of the standard DTC,
two hysteresis bands must be established: one for
the the

magnitude. For the torque, a three-level hysteresis

torque and another for stator-flux
controller is employed, whose outputs are as
follows.

(1) 1: the torque must be increased.

(2) 0: the torque must be kept constant.

(3) —1: the torque must be reduced.

For the stator-flux magnitude, a two-level hysteresis

controller is employed with two possible output values,
as follows.

(1) 1: the stator-flux magnitude must be increased.

(2) 0: the stator-flux magnitude must be reduced.

A two-level classical voltage inverter can provide
seven different voltage vectors, corresponding to the
eight distinct switching states of the inverter. There
are six voltage vectors of equal magnitude arranged
60°

vectors, as shown in Fig. 4 [

apart in the complex plane, as well as two zero
41
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Fig. 4 Different voltage space vectors produced by the

two-level voltage source inverter (2L-VSI)

The selection of the suitable voltage vector is
relying on a functional block named “switching table”
given by Tab. 1 44 that provides binary signals applied
to the inverter branches. The input quantities are the
stator-flux sector and the outputs of the two hysteresis

controllers, and the outputs are the voltage vectors.

Tab.1 Switching table for standard DTC

H, H Sector Sector Sector Sector  Sector  Sector
1 11 111 v \ VI
1 U L3 uy Us Us U
1 0 Uy U Uy U Uy U
-1 Us Y 23 U Uy Us
1 U U, Us U U )
-1 0 U Uy U, Uy LY Uy
—1 U U u u, u u,

The stator flux of the motor in the stationary
reference frame is estimated as follows

W, = [ (u, - Rji,)de

. (10)
Wy = [, — Rip)dt

where ¥/, , 1/7,, , I,, and I, represent the af
components of the stator flux and the motor stator
currents, respectively. The amplitude and angle of the

stator-flux vector are given as follows

v, =\Wetv,
A l// Y
6 =arctan(——)
Vs (//

a

(11)
In DTC, the electromagnetic torque in the stationary
reference frame is estimated as follows
=3 pwi—wi) (12)
e 2 p\W, B l//ﬂ a

In spite the rapid dynamic response attained by

DTC, its performance degrades from a large torque
and flux ripple, along with a variable switching
frequency, in a traditional implementation.
Furthermore, DTC is not resilient for the integration of

control constraints.
3.3 MPC strategy

MPC is categorized into two main types: FS-MPC,
which considers a finite set of switching actions, and
continuous-set model-predictive control (CS-MPC),
which needs a modulation phase to produce the
switching actions. The FS-MPC technique is popular
and attractive for power electronics and drive
applications owing to its ease of execution and the
exceptional dynamic performance given to the system
under control. In this section, one of the well-known
FS-MPC methods is presented. This strategy is called
FS-CPC.

In FS-CPC, the voltage applied to the motor during
each sampling interval belongs to the finite alphabet of
actuations generated by the inverter. Therefore, in this
study, the well-known 2L-VSI is selected and coupled
to the SynRM, as shown in Fig. 5 41 The switching
states of this converter are determined by the
switching functions of the three legs: S,, S5, and S,

which are defined as follows
1 S isonand S, is off
0 S, isonand S, is on

(13)

where ie{a,b,c}.

Lic
S S S3
g 4 &
la
a —
2
! e
Ude te -
cé
S5 S 5
4 ; 4

Fig. 5 2L-VSI feeding a SynRM

The inverter switching state can be expressed in the

form of a complex vector
S=2(s, +aS, +a’s,) (14)

where a=exp(i2n/3) . The output voltage space
vector generated by the 2L.-VSI is given as
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(15)

=2, +au,+a'u)

where u,, up, and u, represent the phase voltages at the
motor terminals. The wvoltage vector ¥ can be
expressed in terms of the switching state S and the

DC-link voltage Uy,

ﬂ = Ud(:§ (16)

The inverter has a total of eight switching states.
There are two identical zero voltage vectors (u, =u,),
resulting in only seven different voltage vectors.
Therefore, in this study, a discrete system of the
2L-VSI with a total of seven different states as
possible outputs is considered.

In this context, the inverter behaves as a discrete

system. Therefore,

actions for the SynRM drive.

Tab.2 Voltage vectors of the 2L-VSI

u, s=[s,S,S.] u=u,+ ju,
g [000] 0
u [100] 2/3U,,
" [110] 13U, +j3/3U,
s [010] -1/3U, +j3/3U,
U [011] -2/3U,,
s [o01] -1/3U, - j3/3U,
e [101] 13U, - j3/3U,
u [111] 0

3.3.1 Conventional FS-CPC of SynRM

A general diagram of the conventional FS-CPC for a
SynRM is shown in Fig. 6. For designing the control
strategy, Egs. (1)-(4) are used to obtain the derivatives
of the current with respect to time along the d- and

g-axes, as follows

Qp

. di, u, R L
the discrete voltage vectors d—:zL—d— LS i +L—qa)riq
. . d d d
presented in Tab. 2 are the only possible control 4w R i 17)
q q s d :
— =1 -0l
q rd
L, L, L,
o T, x H
m e * k Lk
% zq()§ k)
r il [_g iq (k+1) Cost function N | N~ S
i) minimization A
iy ip
ity | | if G HH 0
7 ; DC-link @
Stator voltage
calculation Udc
uap
of 0, - j
dq
w0
iqq(k)| dg off /| <
Prediction of abc
model @
]1 [4]
ka
Fig. 6 Conventional FS-CPC of a SynRM
A discrete-time model is needed to predict the where if(k+1) and i/(k+1) represent the

currents for the next sampling time. Thus, the forward
Euler method is applied to the continuous-time model
in Eq. (17) for a short sampling time 7. Thus, the
discrete-time model of the SynRM in the dg reference

frame can be expressed as follows 461

R L
{4 = (=T, () + 7, -0, (k) +T,

d d

u, (k)

‘. (18)
~ L . u, (k)
)lq(k)+TSL—a)yld(k)+TS—L

q q q

R

i k)=0-7,

predicted currents at k+1, and u(k) and u,(k) represent
the voltage components at instant k, which are
calculated with the knowledge of each of the eight
switching states at instant k£ and the measured DC-link
voltage Uye.

The final step of the conventional FS-CPC strategy
is the evaluation of the cost function for each of the
seven different voltage vectors. The optimal voltage

vector, i.€., the one that minimizes the cost function, is
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selected to be applied to the motor at instant k. The

cost-function formula is

+ +C

g:

i (ke + 1) =] (ke +1)

i;(k+1)—i;(k+1)|

19
Here, imax represents the maximum allowable st(atoz
current of the SynRM, and i,(k+1) and i (k+1)
represent the reference stator currents in the dq reference
frame, which can be computed using the previous

reference currents i) (k)and i, (k) as follows

{i; (k+1)=3i,(k)=3i,(k=1)+i,(k-2) 20)
i (k+1)=3i (k)=3i (k=) +i (k—2)

The term C in Eq. (19) represents the overcurrent
protection to ensure that the safety current limits are

The main disadvantage of conventional FS-CPC is a
large computational burden, as seven predictions of
the currents and seven evaluations of the cost function
must be performed each sampling time. Thus, another
control strategy called simplified FS-CPC is presented
herein.

3.3.2 Simplified FS-CPC of SynRM

Fig. 7 shows the block diagram of simplified FS-CPC.
In this control strategy, the reference voltage vector
(RVV) is directly calculated from the reference
currents. Using Eq. (18), the RVV can be computed by
replacing the predicted currents at instant k+1 with the

. 32-33
reference ones at the same instant | ]

ik + D) =i, (k)

respected. This term is given as u,(k)=Ri,(k)+L, w,L,i, (k)
. 0 i, (k) i, (k1) < iy, o i*(k+1)°' L) (22)
= - D q Y ;
% \/id(k+1)2+iq(k+l)2 Si uq(k)—szq(k)+Lq—+a),4Ldzd(k)
DC-link
2x1) Wi e wwy A
Oy 3p(La 7Lq)i:1 =~ *
S Prediction |%dq | Gost function| 5, | [
g ig (k1) model minimization
ig(k) L
6,
iq(k) ¢
; Stator lop o/~
gk current calculation abc
o

Fig. 7 Simplified FS-CPC of a SynRM

The final stage of simplified FS-CPC is the evaluation
of a simple cost function for each of the seven different
voltage vectors. This cost function represents the absolute
value between the RVV and each of the voltage vectors

that the inverter can apply to the motor.

n=0,1,--,7 (23)

+ |u; (k)- u,

g =|u; (k) -u,,

In conclusion, simplified FS-CPC requires less

computation time, because instead of seven

predictions for the currents, the RVV is calculated only

once, and a simple cost function is evaluated at the end.

However, simplified FS-CPC operates with a variable
switching frequency, which is considered to be its

main limitation.

3.4 Comparison of different control strategies

In this section, the theoretical concepts and structures
are compared. From the block diagrams of the control
strategies shown above, one can conclude that all of
them require speed PI control to achieve adjustable
speed control. For the inner controllers, FOC uses two
current PI controllers, DTC adopts two hysteresis
controllers and a switching lookup table, and
simplified FS-CPC uses a cost function to evaluate the
voltage errors. Both FOC and simplified FS-CPC
require a coordinate transformation. DTC 1is usually
implemented in a stator reference frame; thus, no

coordinate transformation is required. FOC needs a
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modulator to handle the continuous variables, whereas
the other control strategies do not require a modulator,
owing to their direct control features. From the
viewpoint of the tuning process, FOC has three PI
controllers, for which six parameters must be
calculated. DTC requires the calculation of four
parameters for the PI controllers and two for the
hysteresis system.

Simplified FS-CPC needs only two parameters for
the external PI controller, and the cost function does
not require a weighting factor.

In Tab. 3, these three control strategies are
compared with regard to the number of tuned
internal  controllers,

parameters, external and

coordinate transformation, use of a modulator,

inclusion of system constraints, and complexity.

Tab.3 Comparison of the three control strategies

Simplified
Features FOC DTC
FS-CPC
Number of tuned 6 4 5
parameters
External Pl PI PI
controller
Internal controller 2 PI 2 hysteresis 1 cost function

Coordinate

transformation Yes No Yes
Modulator Yes No No
System constraint e Difficult Easy
inclusion
Complexity High Medium Low

4 Simulation results and discussion

The models of FOC, DTC, and simplified FS-CPC,
which are shown in Figs. 1, 3, and 7, respectively,
were simulated and validated using Matlab/Simulink.
The nominal parameters of the studied SynRM are
presented in Tab. 4 s

Tab.4 Parameters of the SynRM

Parameter Value
Rated power P/kW 3
DC-link voltage U,./V 650
Rated speed (mechanical) n,,/(r/min) 1500
Rated current /A 7.9
Nominal d-axis inductance L/H 0.186
Nominal g-axis inductance L,/H 0.04
Nominal stator resistance R,/Q 1.35
Rated frequency f/Hz 50
Rotor inertia J/(kg * m’) 0.079

For fair comparisons, the same sampling time
(20 us) was selected, and similar switching
frequencies were reached at different operating points.
As DTC and simplified FS-CPC have variable
switching frequencies, the DTC value is taken as the
reference. The hysteresis band of DTC is tuned
through simulation. The PI controllers’ values are
obtained through the conventional trial-and-error-
based empirical method with the principle of
first-outer-then-inner controller tuning for FOC.

The first test was performed to examine the
steady-state behavior. The motor was running at 700
r/min with a full load torque. Fig. 8 presents the results
of the three control strategies, including the percentage
of the torque ripple variation Euoquerpe) and the
stator-current  response. The control strategies
exhibited good results. The calculated current total
harmonic distortion (THD) was 0.174 3%, 0.32%, and
0.23% for FOC, DTC, and simplified FS-CPC,
respectively. FOC reached the best current quality at
the operating point; however, the other two control
strategies also exhibited good results. To provide a
general overview of the torque-ripple variation in the
steady-state test, the torque ripple was calculated and
is presented in Fig. 8 as a percentage of the peak error
with respect to the average torque. As shown, FOC
and simplified FS-CPC have smaller torque ripples
than DTC (<3% and <4%, respectively). DTC has
slightly larger torque ripples (>7.5%). According to
the errors between the reference (19.1 N * m) and the
average values of the torque ripples during the
observation time, FOC has even better results. This is
caused by the inner current PI controllers. FOC easily
obtains good current waveforms owing to the
independent PI control of the torque and the flux
magnitude, as well as the use of a modulator. However,
more parameters must be tuned for a cascaded PI
control structure.

The average commutation frequency for the test
presented in Fig. 8 was calculated, as shown in Fig. 9.
The calculation is based on the mean value of the
change in switching states over a period of 0.02 s,
which is calculated from the present and past gate
pulses. The mean value is divided by six (the number
of active switches of the inverter) to obtain the
switching frequency per

insulated-gate  bipolar
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transistor (IGBT). The obtained values of the average
commutation frequency for FOC, DTC, and simplified

FS-CPC were 1.62 kHz, 1.66 kHz, and 1.67 kHz,
respectively.

_ 10 6
S
) i
= 5
=
‘"
3
g 0
58 —5 1 1 1 1 ] -3 1 1 1 1 ]
1.3 1.4 1.5 1.6 1.7 1.8 1.3 1.4 1.5 1.6 1.7 1.8
A\ /‘
< \ ]
30 r - \ /
1 1 ] 1 1 1 U‘ 1
1 30 . 5 1 40 .45 1. 50 1.30 1.35 1.40 1.45 1.50 1.30 1.35 1.40 1.45 1.50
Time/s Time/s Time/s
(a) FOC (b) DTC (c) Simplified FS-CPC
Fig. 8 Simulation results for the torque and stator-current behaviors of the three control strategies when
the SynRM drive is running in the steady state at 700 r/min with a full load torque
2.0
1.5
T
1.0
g
0.5
0 0. 05 0. 15 0 0. 15 0 0. 05
Time/s Time/s Time/s
(a) FOC (b) DTC (c) Simplified FS-CPC
Fig. 9 Simulation results for the average commutation frequencies of the three control strategies
for the operating point presented in Fig. 8
The dynamics of control strategies are drive. Moreover, during the test, the stator currents

fundamental to electrical drives. In the second test,
the torque dynamics were compared. The torque
reference changed from 0 N * m to the rated value at
a speed of 700 r/min. Fig. 10 presents the test

results. Clearly, the estimated torque f"g closely
tracked its reference value 7., and the three

control strategies had fast dynamic responses,

leading to the high performance of the SynRM

complied with the maximum current limitation
(11.2 A) under the operating condition.

The results shown in Fig. 10 are supported by those
shown in Fig. 11 (magnified view of the torque
variations in the vicinity of #=0.1 s). According to
these results, a variation from zero to the rated load
torque was achieved in 4 ms, 2 ms, and 2 ms for FOC,

DTC and simplified FS-CPC, respectively.

20
/E\ 15}
z 10f
S
0
101 A AR [ | i w| 0 \f \I”\ J"u
- A Iqlf‘ J'"IIIS\Ile I|q‘ﬁ'. VY m | ﬁ , O( fl I{"l l v
s ST At N e
o M'JHJ"})J I UY.'JJK,JL‘: M M i ‘“'J 'JM I ull)w U ,) jt; :
OT 02 03 0d 050 0 S oo 0 03b 0T s
Time/s Time/s Time/s
(a) FOC (b) DTC (¢) Simplified FS-CPC

Fig. 10 Simulation results for the step torque responses of the three control strategies

(torque command from 0 to 19.1 N « m) when the SynRM is running at 700 r/min
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Magnified views of the torque step responses in Fig. 10, showing the variations of

the reference torque and actual motor torque in the vicinity of =0.1 s

FOC needed a longer settling time (4 ms), but the
two direct control strategies are faster (2 ms). The
main reasons for the different settling time is that in
the case of FOC, the inner current PI controller limits
the bandwidth of the external speed PI controller, and
it uses a modulator, which generates a delay. In
contrast, the direct control strategies—DTC and
simplified FS-CPC—theoretically have
bandwidths.

To compare the performance for a wider speed

infinite

range, a speed-reversal test was conducted. This test
was performed with the SynRM initially running at

1500
750 r

n/(r/min)

750} ' -
-1 5001

I
I
or - |
|
|

full speed (1 500 r/min) with a zero-load torque. Fig.
12 presents the results for the speeds, torques, and
stator currents of the three control strategies. As shown,
FOC, DTC, and simplified FS-CPC exhibited similar
results; however, FOC achieved slightly better current
results, owing to the use of the independent inner
Simplified FS-CPC
exhibited a good current waveform, because the error

current PI controllers. also
between the reference voltage and the measured
voltage was evaluated in the cost function, making it
easier for the tuning process to reach a good current

response.

TN -m)

i A

Time/s
(a) FOC
12 Simulation results for the rotor speeds, torques, and current waveforms of the SynRM drive

Fig.

Time/s
(c) Simplified FS-CPC

Time/s
(b) DTC

under the three control strategies during a speed reversal

Additionally, the measured speed had a smooth
response and reached its desired value in a short time
(approximately 1.4 s). The current limit was always
satisfied, as the current i, remained lower than the
maximum allowed value (11.2 A).

A speed transition from 500 r/min to 1 200 r/min
with a load torque of 10 N * m applied to the motor is

depicted in Fig. 13. For the three control strategies, the

speed tracked its reference value accurately without
significant overshoot. Moreover, the speed rise times
were comparable. During the acceleration period, the
torque developed by the motor was the rated one, and
after the desired speed was reached, a torque of 10
N »m was developed to satisfy the required load torque.
The current limit was satisfied during the transient

period.
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Fig. 13 Speed step responses of the three control strategies for a step speed command from 500 r/min to 1 200 r/min,
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According to the simulation results, FOC, DTC, and
simplified FS-CPC have good performance. Generally,
FOC had a slightly better current THD and smaller
torque ripples at almost all operating conditions. DTC
and simplified FS-CPC have variable switching
frequencies; however, they can be modified by adding
SVM to achieve a better current THD. FOC has a
longer settling time when the torque step test is
performed. DTC has fast dynamics but large torque
ripples, and simplified FS-CPC has good behavior,
with small torque ripples and fast dynamics. The
features of the three control strategies are compared in
Tab. 5.

Tab.5 Comparison of the three control strategies

Features FOC DTC Simplified FS-CPC
Stator-current THD Better Worse Good
Torque ripple Less More Some
Torque response Slower Faster Faster
Switching frequency Constant Variable Variable

5 Conclusions

The theoretical principles and performance of three
control strategies (FOC, DTC,
FS-CPC) for the SynRM were compared. These
strategies differ from a theoretical viewpoint. FOC

and simplified

exhibits a relatively slow torque response owing to
the use of linear current controllers. The advantage

of this control strategy is its constant switching

frequency, which is determined by the presence of
the modulator.

DTC, which appeared later in the market, is a direct
nonlinear control strategy with a higher torque
response. It operates with a variable switching
frequency, which is considered as the drawback of this
type of controller.

Both FOC and DTC are well established and have
been recognized by the industrial and scientific
communities as the preferred strategies for
performance drives.

The simplified FS-CPC strategy was recently
developed by the scientific community. It has a simple
structure and operating principle. Using a cost function,
in which various system constraints can be involved,
the switching vectors are easily selected. Simplified
FS-CPC exhibits a fast and good torque response;
furthermore, it operates with a variable switching
frequency, similar to DTC.

The simulation results indicated that all the control
strategies had good performance in the whole speed
range with or without a load torque applied to the
motor. These control strategies generate currents of

comparable quality under load conditions.
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