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Abstract: To gain fast dynamic response, high performance, and good tracking capability, several
control strategies have been applied to synchronous reluctance motors (SynRMs). In this paper,
a nonlinear advanced strategy of speed predictive control (SPC) based on the finite control set model
predictive control (FCS-MPC) is proposed and simulated for nonlinear SynRMs. The SPC overcomes
the limitation of the cascaded control structure of the common vector control by employing a novel
strategy that considers all the electrical and mechanical variables in one control law through a new cost
function to obtain the switching signals for the power converter. The SynRM flux maps are known
based on finite element method (FEM) analysis to take into consideration the effect of the nonlinearity
of the machine. To clear the proposed strategy features, a functional and qualitative comparison
between the proposed SPC, field-oriented control (FOC) with an anti-windup scheme, and current
predictive control (CPC) with outer PI speed control loop is presented. For simplicity, particle swarm
optimization (PSO) is performed to tune all the unknown parameters of the control strategies. The
comparison features include controller design, dynamic and steady-state behaviors. Simulation
results are presented to investigate the benefits and limitations of the three control strategies. Finally,
the proposed SPC, FOC, and CPC have their own merits, and all methods encounter the requirements
of advanced high-performance drives.

Keywords: synchronous reluctance motor; speed predictive control; field-oriented control; current
predictive control; particle swarm optimization

1. Introduction

The control of AC electric machines is one of the most important challenging issues in electrical
engineering. Presently with the high development of electric vehicles, this topic gains great interest
in academia and industry. Additionally, the rapidly increasing computation capability of recently
developed microprocessors provides the opportunity to use more powerful control techniques [1].

Furthermore, in the present time, rugged designed synchronous reluctance motors (SynRMs) are
an alternative to permanent magnet synchronous motors and induction motors in some commercial
and numerous industrial applications [2,3]. The features that support this choice are high reliability
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and efficiency, low cost, and easier field weakening capability [4–6]. Generally, SynRMs are highly
nonlinear and there is a nonlinear relationship between the stator inductances and stator currents
due to magnetic saturation and cross-coupling magnetizing effects (chapt. 14 in [7,8]). This causes
problems for the control of the SynRM. Several strategies have been investigated to calculate and
measure the motor electrical parameters as in [9,10]. The apparent defect in these methods, despite
the ease of the measurement, is that they require an external circuit to implement. Recently, the finite
element method (FEM) has been investigated to simulate and compute the parameters of the motor
under ideal operating conditions. The FEM is a numerical strategy that investigates the performance
and parameters of the machine based on the distribution of electromagnetic field in the electrical
machine [11,12]. All the materials properties, geometrical dimensions, and windings data should be
known. In this work, the FEM is employed to take the influence of the magnetic cross saturation for
the motor through the flux maps computation.

Commonly, two types of control have been dominating the market during the previous decades.
The first one is the field-oriented control FOC, which is a cascaded control and uses PWM to generate
the required voltages to the motor. Due to its good performance at transient and steady-state conditions,
FOC has been widely applied to electrical drives [1,5,13,14]. However, the use of many PI controllers
in the external and inner loops that contain many parameters to tune is the weakness of this control
scheme. The other type is the direct torque control (DTC) which provides a fast dynamic response
with high torque ripples [1]. Due to the increase of digital signal processing and power converters,
in which fast dynamic response and uncomplex control are favored, researchers have been made
for the nonlinear control strategies. One of these is the finite control set model predictive control
(FCS-MPC) [15–17].

FCS-MPC methods are classified into three major groups: current predictive control (CPC), torque
predictive control (TPC), and speed predictive control (SPC) [18,19]. CPC and TPC apply the MPC only
to the internal electric subsystem control (inner loops), while the outer speed loop is still controlled by
a PI controller [20]. SPC combines the inner and outer loops of the common vector control in a full
predictive control topology [21]. Several CPC and TPC topologies have been proposed for SynRMs in
the literature [2,22–25]. In [2], model-free predictive current control of SynRM is proposed, which gives
a better performance than the PI controller. An efficient predictive current control of SynRM based on
online parameter estimation is presented in [3], which gives a superior response than the conventional
current predictive control. However, in [3], the influence of the magnetic saturation is not considered
in the model of SynRM. Predictive torque control of synchronous reluctance motor is presented in [22].
However, most topologies that have been developed in the literature concentrate either on current or
torque control, which still requires the outer speed loop. Furthermore, the studies showed that CPC
and TPC give a good steady-state routine and slightly enhance the system robustness under parameter
variations. Though, the dynamic response is still comparatively slow due to the cascaded speed loop.
Due to the limitations of CPC and TPC, many SPC schemes have been performed on electric drives.
In [26], model predictive speed control of permanent magnet synchronous motor (PMSM) based on
the finite control set is proposed. Speed predictive control with a short prediction horizon for PMSM is
presented in [27]. However, the authors incorporated all the control objectives in a complicated cost
function, with several numbers of weighting factors, which may become tough to tune. The speed
predictive control of SynRM is proposed in [28]. However, the predictive control is only applied to the
external loop while maintaining the PI controllers in the inner current loops. In conclusion, there are
slight numbers of studies focus on speed predictive control of SynRM, which encouraged the authors
to do this work.



Machines 2020, 8, 44 3 of 20

Newly, tuning the weighting factors of the cost function and PI Controller factors is one of the
most challenges to succeed a sufficient routine and robustness of the drive system [29,30]. Particle
swarm optimization (PSO) is considered one of the new heuristic approaches use to compute the
variables that needed to minimize or maximize a certain objective function through the travel over
the search area of the particle’s problems [31–34]. It has found to be more active in solving many
optimization problems with having fewer parameters to fine-tune.

In this work, a new method of the SPC for the SynRM with the impact of cross saturation is
proposed and simulated. The proposed SPC is replaced all PI controllers (inner and outer loops) by
one control law called cost function to generate the signals for the converter. Furthermore, the PSO
algorithm is employed for tuning the weighting factors in the proposed cost function, i.e., the effort
and time to tune these factors by trail-and-error is avoided. In addition, to show the benefits of the
proposed method, a comprehensive comparison between the proposed strategy, FOC, and CPC is
discussed. Also, FOC with an anti-windup scheme is used to decrease performance degradation and
pulse-width modulation is employed to regulate the fundamental component of the motor voltages.
CPC based on FCS-MPC is a nonlinear method to directly generate the voltage vectors in the absence
of the modulator. For ensuring the fair comparison between the three strategies, a set of parameters
are kept constant such as simulation configuration parameters, sampling time for the prediction
models, and PI controller parameters for generating the reference electromagnetic torque. Furthermore,
a convergent switching frequency has been obtained for all the strategies.

The paper is organized as follows: Section 2 displays the drive model of the inverter and SynRM
modeling. In Section 3, the advanced control strategies are presented in detail. Section 4 illustrates the
PSO for tuning. In Section 5, the simulation results and discussion are presented. Finally, the paper is
concluded in Section 6.

2. Drive Model

This section presents the mathematical model of the three-phases two-level voltage source inverter
(3φ2L-VSI) and the nonlinear SynRM [4,8] and ([7], chapt. 14).

2.1. Inverter Model

The 3φ2L-VSI is considered the most widespread inverter in low and medium power drive
applications. The inverter is coupled with the SynRM to supply three-phase voltages as displayed
in Figure 1a. The 3φ2L-VSI produces eight voltage vectors categorized as u0 − u7, where two zero
voltages (u0, u7), and six active vectors (u1− u6), as illustrated in Figure 1b. The output stator voltages
of the SynRM can be given as a function of the switching vector sabc

s ∈ {0, 1}3 of the inverter as [3,7,21]:

udq
s =

[
cos θr sin θr

− sin θr cos θr

]
︸ ︷︷ ︸

=:TP(θr)−1

2
3

[
1 − 1

2 − 1
2

0
√

3
2 −

√
3

2

]
︸ ︷︷ ︸

=:TC

1
3

udc

 2 −1 −1
−1 2 −1
−1 −1 2

 sabc
s

︸ ︷︷ ︸
=:uabc

s

, (1)

where TP(θr)
−1 and TC are the inverse Park and Clark transformations see [4] and ([7], chapt.14),

and udc is the dc-link voltage.
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(b)(a)

SynRM

Figure 1. Three-phase two-level VSI: (a) Topology, and (b) voltage space vectors.

2.2. Synchronous Reluctance Motor Modeling

In this paper, the nonlinear model of SynRM is considered, where the influence of magnetic
saturation and cross-coupling magnetizing effects of the machine are considered based on the machine
flux maps that obtained using FEM data (Courtesy of Prof Maarten Kamper, Stellenbosch University,
ZA). The nonlinear relationship between stator flux linkages and stator currents is revealed in Figure 2.
Furthermore, the inductances can be approximated by the differentiation of the stator fluxes with
respect to the stator currents as displayed in Figure 3. Therefore, the look-up tables (LUTs) of the
differential inductance matrix Ldq

s (idq
s ) and flux linkages ψ

dq
s (idq

s ) can be created and used for online
adaptation of the control strategies. The continuous-time model of the SynRM in the dq reference
frame can be written as [4] and ([7], chapt. 14):

udq
s = Rsidq

s + npωm(t)Jψ
dq
s (idq

s ) + d
dt ψ

dq
s (idq

s )

mm = 3
2 np(i

dq
s )T Jψ

dq
s (idq

s )
d
dt ωm(t) = 1

J [mm(t)−ml − bωm(t)]

 (2)

where

udq
s =

(
ud

s (t)
uq

s (t)

)
, idq

s =

(
id
s (t)

iq
s (t)

)
, and J =

[
0 −1
1 0

]
The differential stator inductance matrix and time derivative of the stator flux linkages can be

expressed as

Ldq
s (idq

s ) =

 ∂ψd
s (i

dq
s )

∂ids

∂ψd
s (i

dq
s )

∂iqs
∂ψ

q
s (i

dq
s )

∂ids

∂ψ
q
s (i

dq
s )

∂iqs

 =

[
Ldd

s (idq
s ) Ldq

s (idq
s )

Lqd
s (idq

s ) Lqq
s (idq

s )

]
and (3)

d
dt

ψ
dq
s (idq

s ) =
∂ψ

dq
s (idq

s )

∂idq
s

d
dt

idq
s = Ldq

s (idq
s )

d
dt

idq
s . (4)

By inserting (4) into (1), the nonlinear stator currents can be written as

d
dt

idq
s = [Ldq

s (idq
s )]−1 ·

[
udq

s − Rsidq
s − npωm Jψ

dq
s (idq

s )

]
, (5)

where the inverse of inductance matrix is given by

[Ldq
s (idq

s )]−1 =
1

det(Ldq
s (idq

s ))

[
Lqq

s (idq
s ) −Ldq

s (idq
s )

−Lqd
s (idq

s ) Ldd
s (idq

s )

]
(6)
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Figure 2. The nonlinear flux linkages of a real 9.6 kW SynRM obtained from FEM data: (a) d-axis
component ψd

s , and (b) q-axis component ψ
q
s .

Figure 3. Nonlinear differential inductances of a 9.6 kW SynRM (obtained from the FEM data): (a) d-axis

inductance Ldd
s =

∂ψd
s

∂id
s

. (b) q-axis inductance Lqq
s =

∂ψ
q
s

∂iq
s

. (c) Cross-coupling inductance Ldq
s =

∂ψd
s

∂iq
s

.

(d) Cross-coupling inductance Lqd
s =

∂ψ
q
s

∂id
s

.

3. Control Strategies

The theory of field-oriented control (FOC), current predictive control (CPC), and proposed speed
predictive control (SPC) strategies of SynRM are discussed and investigated in this section.

3.1. Field-Oriented Control Strategy

3.1.1. Anti-Windup Scheme

When the input error to the PI controllers is high or remains non-zero for a long time. The output
of the controller may be saturated, which makes the integrator output accumulated. For these
reasons, the anti-windup is employed in the presence of saturation and to reduce the performance
degradation. The block diagram of the PI controller with an anti-windup scheme is described in
Figure 4. The decision function (conditional integration) for anti-windup is chosen to be ([7], chapt. 14)
and [4,35]
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for

for

Figure 4. PI controller with anti-windup block diagram [4].

faw(y) =

{
0 if ‖y‖ ≥ ymax

1 if ‖y‖ < ymax

}
(7)

where ymax is the saturation limit.

3.1.2. Field-Oriented Control of Nonlinear SynRM

The main idea of the FOC strategy is to use an appropriate coordinate system to achieve
independent control of flux and torque [1]. The whole block diagram of the FOC for SynRM is shown
in Figure 5. The flux linkages ψ

dq
s and the differential matrix of stator inductance Ldq

s as displayed
in Figures 2 and 3, are known. Furthermore, the stator currents iabc

s and motor electrical position θm

and speed ωm, are available for feedback. Usually, an optimal torque feedforward control must be
implemented to compute the optimal and feasible current references which depend on the actual
operating point and consider current, voltage and speed constraints [36]. In this paper, for simplicity,
a constant d-current is fed to the underlying current control loops of FOC and CPC. Consequently,
in the rotating reference frame dq, the reference value of direct stator current id

s,re f is set as a constant

value, while the reference value of the quadrature stator current iq
s,re f can be computed from the error

between the reference and actual values of the speed and anti-windup scheme as follows

iq
s,re f = kp(ωm,re f −ωm) + faw(y)ki

∫
(ωm,re f −ωm)dt, (8)

where faw(y) is the decision function of the anti-windup approach as in Equation (7), and in this

case ymax =

√
is,max

2 − id
s,re f

2, and kp and ki are the proportional and integral parameters for PI speed

controller that obtained using the PSO algorithm (see Section 4). The references values of the stator
voltages udq

s,re f can be computed as [4]

udq
s,re f = udq

s,pi︸︷︷︸
PI controller output

+ udq
s,comp︸ ︷︷ ︸

disturbance compensation

, (9)

where udq
s,pi are the voltages from PI current controller with anti-windup approach as follows [4] and

([7] , chapt. 14)
d
dt ξ

dq
i = faw(y) · Kdq

i (idq
s,re f − idq

s ),

udq
s,pi = ξ

dq
i + Kdq

p (idq
s,re f − idq

s ).

 (10)
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where faw(y) as in Equation (7) and in this case ymax = udc
2 , and ξ

dq
i is the integrator output of the PI

controller and Kdq
p and Kdq

i are the proportional and integration gain matrices

Kdq
p =

[
kd

p 0
0 kq

p

]
and Kdq

i =

[
kd

i 0
0 kq

i

]
. (11)

The second part of Equation (9) is the disturbance compensation voltages, given by [4] and ([7],
chapt. 14)

udq
s,comp =

(
ud

s,comp
uq

s,comp

)
=

 npωmψ
q
s (i

dq
s )− Ldq

s (idq
s )

Lqq
s (idq

s )

(
uq

s − Rsiq
s npωmψd

s (i
dq
s )

)
−npωmψd

s (i
dq
s )− Lqd

s (idq
s )

Ldd
s (idq

s )

(
ud

s − Rsid
s npωmψ

q
s (i

dq
s )

)
 . (12)

Finally, the reference voltages as in Equation (9) are transformed to the stationary reference frame
αβ, and then fed to the modulator to generate the switching signals of the power converter.

Figure 5. Field-oriented control of synchronous reluctance motor [4].

3.2. Current Predictive Control Strategy

CPC strategy uses the error between the reference current and predicted currents based on a cost
function to replace the inner PI controllers of the FOC strategy [1], while the control of the outer speed
loop is still executed by the PI Controller as in Equation (8). The block diagram of the CPC of SynRM
based on FCS-MPC is illustrated in Figure 6. To design the CPC, the discretization of Equation (5) with
small sampling time Ts by using the forward Euler method can be expressed as [3,23]

idq
s [k + 1] = idq

s [k] + Ts[L
dq
s (idq

s [k])]−1 ·
[

udq
s [k]− Rsidq

s [k]− npωm[k]Jψ
dq
s (idq

s [k])
]

. (13)

where

idq
s [k + 1] =

(
id
s [k + 1]

iq
s [k + 1]

)
, idq[k] =

(
id
s [k]

iq
s [k]

)
and udq

s [k] =

(
ud

s [k]
uq

s [k]

)
.

The stator voltages udq
s [k] can be computed from Equation (1). The seven voltage vectors of

the inverter can be applied to predict seven future values of the current according to Equation (13).
The predicted currents are used in a cost function with soft constraints to select the optimal switching
vector for the inverter. The following cost function formula is used [23]
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g[k] =
∣∣∣∣id

s,re f [k + 1]− id
s [k + 1]

∣∣
S0,...,S7

∣∣∣∣+ ∣∣∣∣iq
s,re f [k + 1]− iq

s [k + 1]
∣∣
S0,...,S7

∣∣∣∣+ gsat(id
s [k], iq

s [k]), (14)

where S0, ..., S7 are switching states of the two-level inverter (see Table I in [3]), and gsat(id
s [k], iq

s [k])
represents the soft constraint set of the cost function and is given by

gsat(id
s [k], iq

s [k]) =

0 if
√

id
s [k + 1]2 + iq

s [k + 1]
2 ≤ is,max

∞ if
√

id
s [k + 1]2 + iq

s [k + 1]
2
> is,max

 , (15)

where is,max is the maximum stator current of the SynRM, and idq
s,re f [k + 1] are the reference stator

currents. The references are obtained by using a second-order extrapolation as [2,3]

idq
s,re f [k + 1] = 3idq

s,re f [k]− 3idq
s,re f [k− 1] + idq

s,re f [k− 2]. (16)

According to Equation (14), the optimal switching vector is selected such that

sabc
s,re f = argmin

sabc
s ∈{S0,...,S7}

{g[k]
∣∣
S0

, ......, g[k]
∣∣
S7
}. (17)

SynRM

E
n
c
o
d
e
r

Inverter
PI

Eq. (16)

Eq. (1) Prediction
   Model

   Cost
Function

Eq. (1)

Figure 6. Current predictive control of synchronous reluctance motor.

3.3. The Proposed Speed Predictive Control

In this section, a novel method for the SPC based on FCS-MPC is investigated, which overcomes
the limitation of the cascaded linear control loops (PI controllers). Where the inner and outer loops are
combined in one control law called the cost function. SPC principle predicts the future values of the
speed and currents and obtains the optimal control signal for the inverter by minimizing the errors
between the predicted and reference values in the cost function. The proposed cost function is easy
and simple to execute and contains only two weighting factors to tune. The overall block diagram of
the proposed SPC is shown in Figure 7. To design the SPC, the forward Euler method is applied to
speed dynamic equation as in Equation (2) for discretization period Ts as [26,28,37]

ωm[k + 1] = ωm[k] +
Ts

J
(mm[k]−ml [k]− bωm[k]), (18)

where mm[k] is the machine electromagnetic torque at sampling instant [k], by assuming Ldq
s ≈ Lqd

s =

Lm, it can be expressed as [36].
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mm[k] = 3
2 np(i

dq
s [k])T JLdq

s (idq
s [k])idq

s [k],

= 3
2 np

(
Ldd(i

dq
s )− Lqq(i

dq
s )

)
id
s [k]i

q
s [k] + 3

2 npLm(i
dq
s )

(
(iq

s [k])2 − (id
s [k])2

)
.

 (19)

A cost function is favored to achieve a fast dynamic response and good tracking performance.
The controller objective is concentrating on having a minimum speed error with minimum control
input [38]. Subsequently, exploiting this objective, the cost function for the speed controller can be
given as [28]

gs[k] =
hp

∑
i=1

λ1

[
ωm[k + i]−ωm,re f [k + i]

]2

+
hp

∑
i=1

λ2

[
mm[k + i− 1]

]2

, (20)

where λ1 and λ2 are weighting factors, and hp is the prediction horizon. ωm,re f [k + 1] is the mechanical
reference speed and can be calculated from the previous values of speed as follows

ωm,re f [k + 1] = 3ωm,re f [k]− 3ωm,re f [k− 1] + ωm,re f [k− 2]. (21)

To make the problem simple, hp is set to 1, and the new cost function can be written as

gs[k] = λ1

[
ωm[k + 1]−ωm,re f [k + 1]

]2

+ λ2

[
mm[k]

]2

. (22)

By neglecting the viscous friction b = 0, substitute Equation (18) into Equation (22), the cost
function can be written as

gs[k] = λ1

[
ωm[k] +

Ts

J
(
mm[k]−ml [k]

)
−ωm,re f [k + 1]

]2

+ λ2

[
mm[k]

]2

, (23)

Furthermore, Minimizing the cost function can be achieved by letting the derivative of
Equation (23) be equal to zero.

∂gs[k]
∂mm[k]

=
2λ1Ts

J

[
ωm[k] +

Ts

J
(
mm[k]−ml [k]

)
−ωm,re f [k + 1]

]
+ 2λ2

[
mm[k]

]
= 0 (24)

As in Equation (18), ωm[k] + Ts
J
(
mm[k]−ml [k]

)
= ωm[k + 1], Equation (24) can be rewritten as

2λ1Ts

J

[
ωm[k + 1]−ωm,re f [k + 1]

]
= 2λ2

[
mm[k]

]
. (25)

Therefore, the reference electromagnetic torque can be calculated from speed error as

mm[k] =
λ1Ts

λ2 J

[
ωm,re f [k + 1]−ωm[k + 1]

]
(26)

The reference direct current id
s,re f is set as a constant. Then, the reference quadrature current iq

s,re f can
be calculated from Equation (19) as

iq
s,re f [k] =

mm[k]
fm[k]

, (27)
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where fm[k] is the torque factor, which can be calculated from Equation (19) by neglecting the cross
magnetic saturation as follows

fm[k] =
3
2

np

(
Ldd(i

dq
s [k])− Lqq(i

dq
s [k])

)
id
s,re f [k]. (28)

As the sampling time Ts is very small, the change in the mechanical speed ωm can be considered
constant during a very short period of time, so it can be assumed that ωm[k + 1] ≈ ωm[k].
By substituting Equations (28) and (26) into (27), the iq

s,re f can be calculated as follows

iq
s,re f [k] =

λ1Ts

λ2 J fm[k]

[
ωm,re f [k + 1]−ωm[k]

]
(29)

The overall cost function for the proposed SPC can be concluded as

g[k] =
∣∣∣∣id

s,re f [k + 1]− id
s [k + 1]

∣∣∣∣+
∣∣∣∣∣ λ1Ts

λ2 J fm[k]

[
ωm,re f [k + 1]−ωm[k]

]
− iq

s [k + 1]

∣∣∣∣∣+ gsat(id
s [k], iq

s [k]) (30)

The cost function contains three terms: d-axis current error term, speed error term, and constraint
term gsat(id

s [k], iq
s [k]) that is the same as in Equation (15). Finally, the optimal switching vector for the

power converter is obtained by minimizing the overall cost function in Equation (30).

LUT using Fig.3

SynRM

E
n

c
o

d
e

r

Eq. (16)

Eq. (1) Prediction Model

   Cost Function

Eq. (16)

Figure 7. Proposed speed predictive control of synchronous reluctance motor.

The execution of the investigated SPC can be summarized in the steps listed in Algorithm 1.

Algorithm 1 The proposed DSPC

step I: Sample {idq
s [k], udq

s [k] as in Equation (1), ωm[k], ωs,re f [k], Ldq
s [k], and id

s,re f [k]}.
step II: Compute mm[k] as in Equation (19).
step III: Calculate iq

s,re f [k] from Equation (29).
step IV: Predict idq

s [k + 1] as in Equation (13).
step V: Compute ωm,re f [k + 1] and idq

s,re f [k + 1] as in Equation (16) and Equation (21).
step VI: Minimize the cost function Equation (30) to obtain the optimal switching vector for the
inverter.

3.4. The Difference of Control Strategies

In this section, the control designs and concepts are compared. In Figures 5–7, the block diagrams
of FOC, CPC, and proposed SPC of SynRM are displayed, respectively. According to the figures,
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two control methods need a PI speed controller for regulating the speed, while SPC does not require
the PI speed controller. For FOC, two PI current controllers are used, while CPC judges the currents
error of the stator, SPC assesses the speed and currents error. The three topologies require a coordinate
transformation and consequently, the rotor angle is essential. FOC requires a modulator to treat with
the continuous variable and the other two methods do not need a modulator. For tuning tasks, FOC has
six factors to tune, while CPC and SPC need two factors to be chosen. Finally, the comparative elements
of the different control techniques are summarized in Table 1.

Table 1. Comparative elements in theory.

FOC CPC SPC

Number of Parameters to tune 6 2 2
Number of External PI controllers 1 1 0
Number of Inner PI controllers 2 0 0
Pulse-width modulation Yes No No
Coordinate Transformation Yes Yes Yes
System Constraints Difficult Easy Easy
Conceptual Complication Low Low Low

4. Particle Swarm Optimization

It can be exposed from the design of the different control strategies that the PI controllers
factors and the weighting factors represent an important part in the performance of the whole drive
system. Subsequently, tuning of these parameters is crucial, and tuning them by trial and error
method consumes the time. Therefore, particle swarm optimization (PSO) is employed to select these
parameters offline. PSO is considered the most active approach in solving many types of optimization
problems with a slight number of parameters to regulate. Initially, PSO chooses a set of random values
of the unknown parameters and each set is selected as a particle [33]. The fitness corresponding to each
particle is computed. Then, the particle with the best fitness is chosen and recorded after each iteration
of the approach, and lastly the global optimum solution is obtained [33]. The flow chart of the PSO is
shown in Figure 8. Furthermore, the fitness functions which applied to choose the best parameters are

minc = ∑ | ωm,re f −ωm |
minc = ∑ || idq

s,re f − idq
s ||

}
(31)

Applying PSO with control parameters vector c :=
(

kp ki kd
p kd

i kq
p kq

i λ1 λ2

)T
,

the optimal parameters for FOC, CPC, and SPC are obtained as listed in Table 2.

Table 2. Motor, execution, and controller data.

Description Nomenclature/Values/Unites

SynRM pmech = 9.6 kW , Rs = 0.4 Ω, ψ
dq
s , Ldq

s as in Figures 2 and 3
|| idq

s ||≤ 30 A , nm,nom = 1500 rpm, ωm,nom = 157 rad/s, np = 2
Urms

nom = 400 V (@50 Hz)

Mechanic J = 0.0352 kgm2 , B = 0

VSI udc = 600 V

FOC PI speed controller factors kp = 15.832, ki = 0.0536,
PI current controller factors kd

p = kq
p = 1052, kd

i = kq
i = 0.1283, Ts = 250 µs,

Simulation step = 1 µs
CPC PI speed controller factors kp = 15.832, ki = 0.0536, Ts = 40 µs,

Simulation step = 1 µs

SPC Weighting factors λ1 = 1498.36, λ2 = 0.3052, Ts = 40 µs, Simulation step = 1 µs
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Figure 8. Particle swarm optimization flow chart.

5. Simulation Results and Discussion

For the validation of the three control strategies, the block diagrams of FOC, CPC, and the
proposed SPC as shown in Figures 5–7 are verified, simulated, and compared at both dynamic and
steady-state with the help of MATLAB/SIMULINK. The nominal parameters of SynRM are collected
in Table 2. First, the unknown parameters of the control strategies are obtained through the PSO
technique. The parameters of FOC, CPC, and proposed SPC are listed in Table 2. For a fair comparison,
the sampling time for prediction models of the CPC and SPC is chosen to be 40 µs, to obtain a similar
switching frequency as in FOC. Furthermore, the PI speed controller parameters of the FOC and CPC
have been set to the same values. The measured stator three-phase currents are transformed from the
abc stationary frame to the dq rotating frame using a rotor angle obtained directly from the encoder.
These dq currents are used as inputs to LUTs to obtain the inductances and flux linkages that represent
the influence of magnetic saturation.

The simulation results are shown in Figures 9–15. Figure 9, reveals both the dynamic and
steady-state responses of the different control strategies under the rotor mechanical speed of 500 rpm.
This operation is accomplished at mechanical load torque of 10 N.m. According to the figure,
the dynamic response of the SPC is the fastest compared to the FOC and CPC, where the settling times
of FOC, CPC, and SPC are 65 ms, 56 ms, and 52 ms, respectively. Furthermore, it can be seen that the
average tracking errors between the references and actual stator current in the αβ frame and the dq
frame are very small and approach zero. Also, FOC contains a clear percentage of the overshoot in
the dynamic response of the speed and torque as a result of using the PI controllers, while this ratio
disappears in CPC and SPC. The average switching frequency of the proposed SPC is approximately
3 kHz, while the CPC gives average switching frequency of 4 kHz, which means that the switching
frequency of the SPC is lower than that of CPC and FOC. Figure 10 displays the current trajectories in
the αβ frame. There are two circles: the big circle represents the transient response with an amplitude
of the current of 25 A, while the small one represents the steady-state response with an amplitude of
the current of about 11 A. Also, as can be seen in Figure 10, the performance of the three topologies is
satisfactory at dynamic and steady state. The steady-state errors (SSEs) between the actual values and
reference values(∆ωm = ωm −ωm,re f , ∆idq

s = idq
s − idq

s,re f , and ∆m = mm −ml) of the different control
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strategies for the same operating conditions as shown in Figure 9, are displayed in Figure 11. It can
be seen that the average SSE of the speed using the SPC is remarkably smaller than the average SSEs
of the CPC and FOC. The average SSEs of the stator currents in the three methods are almost similar,
with large ripples in SPC and CPC methods due to the variable switching frequencies. In contrast, the
torque ripples of the SPC and CPC are higher than the ripples of FOC.

The different control methods are checked during the sudden change in speed. However, the rotor
speed starts at 1000 rpm and increases to 1500 rpm at the time 0.3 s, as shown in Figure 12. From the
figure, the dynamic response of SPC is faster than the other two strategies. Furthermore, for the
proposed SPC and CPC, the speed reaches its reference value without any overshooting, while the
overshoot is clear in FOC response especially in the torque and dq currents responses. Also, the tracking
capability of the stator currents in both αβ and dq frames, and electromagnetic torque for the three
schemes is adequate and following the current references and the applied load torque very well,
with noticeable high torque ripples in the proposed SPC. It also noticed that the average switching
frequencies of the CPC and SPC are decreased by increasing the rotor speed. Figure 13 depicts the
currents THD for the different control methods. It can be confirmed from the figure that the THD
of SPC is slightly higher than of CPC and FOC. The dynamic and steady-state performance of the
three control strategies are tested and compared when the rotor is suddenly stopped as shown in
Figure 14. Where the mechanical speed starts with speed of 300 rpm and decreases to zero suddenly.
This operation is executed under applying mechanical load torque 20 N.m. It can be seen from the
figure that the different control strategies have a satisfactory response at both dynamic and steady state.
Also, for the proposed SPC, the rotor speed reaches zero without overshooting, while in CPC a very
low overshooting ratio is appeared due to the outer PI speed controller. In contrast, in FOC strategy,
a clear ratio of the overshooting appears in speed, currents, and torque responses. The switching
frequency of the proposed method is less than the other two methods. Eventually, the performance
of the three control strategies is investigated during a sudden change in the mechanical load torque.
Where the load torque changes from 15 N.m to 30 N.m at time 0.3 s under a rotor speed of 1200 rpm
as depicted in Figure 15. It can be seen from the figure that the three control methods achieve a
very good performance and high tracking ability at steady-state with a slight contrast between the
three methods especially in the overshooting ratio, current/torque ripples, and switching frequency.
The general comparison features between the FOC, CPC , and proposed SPC that are obtained from
all the simulation figures are summarized in Table 3.

Table 3. Comparison between the FOC, CPC, and SPC.

FOC CPC SPC

Dynamic response slow fast faster
Overshoot ratio small smaller zero
Average SSE low low lower
Current THD 2.40% 3.30% 4.29%
Torque ripples low some more
Tracking error low low low
Switching frequency constant variable variable
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and (c) Proposed SPC.
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6. Conclusions

In this paper, three control strategies that achieve high-performance control of SynRM were
presented and investigated. They have been compared in concepts and simulations and each
control has its own merits. SPC is the proposed and newest strategy, it combines all the cascaded
structure in one control law to obtain the switching vector by minimizing the predefined cost function.
Its advantages are very fast dynamic response without overshooting and the average SSE is close to
zero, while its disadvantages are the variable switching frequency and high current/torque ripples.
FOC is the most popular control with cascaded PI controllers (current and speed), its advantages are
constant switching frequency and low torque ripples, while its weakness is the slow dynamic response.
CPC is the conventional predictive method; it replaces the PI current controllers with model predictive
control. Its benefits are simple design and fast dynamic response, while its drawbacks are the variable
switching frequency and high current/torque ripples. The simulation results reveal that all control
strategies have a satisfactory performance for dynamic and steady-state responses during a wide speed
range and meet the requirements of the application drives.
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Nomenclature

Variables
ud

s , uq
s , id

s , iq
s Stator voltages and currents in the rotating frame dq

ψ
dq
s , Ldq

s Stator fluxes and inductances in the rotating frame dq
Rs,J, b Stator resistance, rotor inertia, and viscous friction
θr, ωr, ωm Electrical position, electrical speed, and mechanical speed of the rotor (ωr = npωm)
mm, ml Machine electromagnetic torque and load torque
np, fs, k, Ts Pole pairs number, switching frequency, sample, and sampling time
Notation
(x, X), x, X Scalar, vector, and matrix, respectively
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