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Abstract

The Finite Control Set-Predictive Torque Control (FSC-PTC) is a practical and intuitive method to control an Induction Motor
(IM). However, the challenge of this technique is the difficulty of tuning the weighting factor so that it performs optimally at all
speeds. Hence, this paper proposes a new method for improving the optimization technique by automatically tuning the weighting
factor using a flux controller. The flux controller is represented as a DC gain and designed to be proportional to the absolute value
of the predicted stator flux error. This method eliminates the need for complex computation to select the suitable weighting factor
while also efficiently regulating flux and torque. The proposed method is experimentally validated on a DS1104 controller board
and compared to a constant flux weighting factor method that was tested under speed conditions. The results demonstrate that the
new method can further decrease the torque ripple compared to the constant weighting factor while maintaining the flux ripple and
harmonic distortion limits.

Keywords- Predictive control, Weighting factor (WF), Induction motor drive, dSPACE implementation.
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1. Introduction

For decades, induction motors have been the workhorse of the industry. Its popularity is mainly due to its
robustness, low maintenance costs, and its capability to operate at high speeds. Generally, the control of
Induction Motor (IM) drives can be categorized into two types based on their applications; scalar control
and vector control. Scalar control is commonly used in low- to medium-performance applications including
pumps, fans, and compressors. For this type of application, regulating the steady-state speed is more critical
than controlling the transient torque. The most common form of scalar control for IM applications is
constant VV/Hz control (Mahsahirun et al., 2020). Conversely, vector control is typically employed for high-
performance applications that demand transient torque and speed control, such as traction drives, elevators,
machine tools, and robotics. The advancements in high-performance IM drive control techniques are
primarily attributed to improvements in power electronics converters and digital control techniques. The
development of powerful and fast microprocessors and digital signal processors has also contributed to this
progress. Control techniques that were not feasible for implementation decades ago can now be realized
utilizing powerful processors, which are frequently paired with field-programmable gate arrays (FPGAS).
Regardless of the implementation technique, minimizing sampling time is always desired to ensure a large
control bandwidth.

Currently, the two most adopted control methods for high-performance IMs are Field-Oriented Control
(FOC) and Direct Torque Control (DTC) (Trzynadlowski, 2000). Since its introduction in the early 1970s,
FOC has been widely used in demanding applications involving torque control. It is highly sensitive to
variations in motor parameters and requires precise knowledge of them to ensure accurate field orientation
(Trzynadlowski, 2013). As it is dependent on current control, it requires a current control loop with a pulse
width modulator, resulting in limited dynamic performance. In contrast, DTC offers a simpler structure and
does not require a modulator or frame transformation. It was first presented in the late 1980s (Djamila and
Yahia, 2020; Kang and Sul, 2001). However, the biggest flaw of DTC is its high torque and flux ripples.
Over the last few decades, significant enhancements have been made to both FOC and DTC (Alsofyani et
al., 2018; Bindal and Kaur, 2020; Peter et al., 2023; Wang et al., 2020), while concurrent research has also
been conducted to develop superior control techniques.

A novel type of IM control technique based on Model Predictive Control (MPC) has recently been
introduced (Abdelrahemet al., 2021; Elmorshedy et al., 2019; Mousavi et al., 2021). MPC was initially
applied to slow-dynamical systems such as petrochemical industries, due to its substantial computing
requirements. However, with the advancement of powerful processors, MPC applications for fast-dynamical
systems such as power electronics converters and motor drives, are now viable. Among the many MPC
variations that are applied in IM drive systems, Finite Control Set-Predictive Torque Control (FCS-PTC)
has garnered remarkable attention due to its simplicity and ability to manage multiple constraints in one
sampling period (Bordons and Montero, 2015; Geyer, 2017).

There are three main stages in FCS-PTC, namely: (i) stator flux estimation, (ii) stator flux and torque
prediction, and (iii) cost function optimization (Rodriguez and Cortés, 2012). The third stage is selecting an
optimal voltage vector (VV) for the inverter to minimize the cost function errors between predicted and
reference torque and stator flux values. Since the torque and flux are fundamentally different in unit quantity,
the weighting factor (WF) in the cost function is used to adjust the priorities between the torque and stator
flux for VV selection. An incorrect value of WF may cause an imbalance in the IM’s performance. For
instance, if the flux WF is set to a high value, the flux control will be prioritized above the torque control,
resulting in IMs having a smooth flux response but with a significant torque ripple. As a result, most FCS-
PTCs that employ a constant WF may experience severe torque ripple at high speeds as well as poor steady-
state performance at low speeds (Bhowate et al., 2019; Guazzelli et al., 2019). Therefore, optimizing the
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WEF value is vital to improve the IM’s performance.

Early WF selection methods were time-consuming and reliant on heuristics (Cortés et al., 2009; Vazquez,
et al., 2016). Next, researchers (Guazzelli et al., 2019; Zanchetta, 2011) suggested offline Multi-Objective
Optimization (offline MOO) to improve the optimization technique. Nevertheless, it is still unable to achieve
optimal WF and is dependent on specific operating conditions.

To address this issue, an online WF tuning method has been developed to automatically adapt the WF for
each sampling period based on the motor's operating characteristics and performance requirements. (Davari
et al., 2012) has presented a technique where the WF tuning depends on the torque vector instead of the
magnitude. Unfortunately, it added complexity to the cost function. Furthermore, the authors (Bhowate et
al., 2019; Ravi Eswar et al., 2018) have utilized the Multi-Criteria Decision-Making (MCDM) techniques
in which the cost function is divided into three distinct parts based on the constraints. It will then be ranked
and averaged once the minimum error of each cost function has been determined. Although this approach
produced the ideal WF, it required additional optimization steps (Dragi¢evi¢ and Novak, 2019; Harbi et al.,
2023; Novak et al., 2021).

Moreover, some researchers have completely removed the WF from the cost function. The authors in (
Rojas et al., 2013; Rojas et al., 2015a; Rojas et al., 2015b; Tang et al., 2023; Tang et al., 2021) implemented
the MOO methods too. Additionally, Parallel Predictive Torque Control (PPTC) with an adaptive selection
method is proposed in (Wang et al., 2019). The authors of Zhang and Yang (2016) introduced an improved
two-vector-based Model Predictive Torque Control (MPTC) method. Although the WF elimination
approach is undoubtedly less complicated than the other approach, it is still unable to guarantee the best
WEF for the cost function. Rather, it has made computing times longer. Besides, certain researchers have
proposed to use this method and make it simpler by reducing the utilization of VVs for the cost function
(Mamdouh and Abido, 2019). Despite the efficiency and simplicity of this approach, this paper continues
to incorporate the use of WF within the algorithm which focuses on enabling automatic real-time tuning of
WF.

In addition, several researchers have utilized more intelligent techniques to improve cost function
optimization such as Fuzzy Decision-Making (FDM) (Tang et al., 2021), VIKOR (Muddineni et al., 2016;
Vujji and Dahiya, 2022), TOPSIS (Arshad et al., 2019; Muddineni et al., 2017) and Artificial Neural
Networks (ANNSs) (Vazquez et al., 2022). All these methods have undoubtedly been able to provide the
optimal WF for the cost function unfortunately magnify both the complexity and computation time. Table
1 summarizes the techniques that have been used to improve the optimization stage.

Therefore, this study proposes a straightforward and effective online WF tuning method that applies the flux
controller (FC), where the predicted flux error is the basis of the generated WF. Additionally, this paper will
include a detailed discussion on the effect of dynamic WF on IM performance. Hardware results have
verified the efficiency of the proposed method’s effectiveness, yielding little torque and flux ripples.

Section 2 of this work discusses the dynamic models of IM and Voltage Source Inverter (VSI). The third
section presents the fundamental principle of FCS-PTC as well as the major problem of FCS-PTC when
constant WF is utilized. Section 4 provides the methodology for designing the proposed improved FCS-
PTC. Next, the experimental results are thoroughly discussed in Section 5. Lastly, Section 6 provides the
conclusion for this research work.

1037 | Vol. 9, No. 5, 2024



. . . - —_ R Ram Arti
Alik et al.: A Simple Online Tuning Flux Weighting Factor in Finite Control Set... Publishers

Table 1. Summary of optimization improvement techniques.

Technigue Approach Advantage (s) Disadvantage (s)

With Weighting Factor | Empirical Simple Time consuming
Offline multi objective | Improve IM performance Relies on specific operating points
optimization
Online tuning Complex and increase computational burden
Multi criteria decision making Relies on specific operating points
Fuzzy Decision-Making Complex and increase computational burden

VIKOR and TOPSIS
Artificial Neural Network

Without ~ Weighting | Multi objective optimization Improve IM performance, reduce | Increase computational burden
Factor Parallel ~ Predictive Torque | complexity
Control

Two vectors based MPTC

2. Dynamic Model: Induction Motor and Voltage Source Inverter
To simplify the IM modelling, Equations (1) to (5) are used to quantify the stator voltage (v), stator flux
(W), rotor flux (¥,-), and electromagnetic torque (T,) in a stationary reference frame for this research.

v, = i R + dipg/dt 1)
0 = i,.R, + dy,./dt — jwip, (2
Y, = Lsig + L,i, (3)
Y, = Lyi, + L (4)
T, = (3p/2)Im(isyp;) ®)

where, R, and R, are the stator and rotor resistances. Meanwhile the stator and rotor current space vectors
are represented as ig and i,.. Next, Lg, L,- and L,,, indicate the stator self-inductance, rotor self-inductance
and mutual inductance, respectively. Lastly, w is the electrical rotor speed and the pole pairs is labelled as

D.

The stator and rotor currents in Equations (6) and (7) can be obtained by manipulating Equations (3) and
(4). The torque described in Equation (5), can be expressed in terms of d-axis and g-axis as shown in
Equation (8).

i =[1/(LsL, — L%n)] (Lrps — Lin¥py) (6)
i = [1/(LSLT - L%n)] (lepr - Lmlps) (7)
T, = (BP/Z)[(lpsdisq) - (wsqisd)] (8)

2.1 Three-Phase Voltage Source Inverter
This research employed a two-level, three-phase VSI. Figure 1(a) depicts the VSI configuration which
comprises of six power Insulated Gate Bipolar Transistor (IGBT). Consequently, an eight switching states
(Sa, S, and Sc) as presented in Table 2. Equation (9) depicts the stator voltage space vectors equation
(Ghosh et al., 2019).

AT

2T
Vg = %VDC(SA + aSg + a?S;), where, a= e’3 anda? = e’3 9)
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In this context, the switching state is designated as 1 when the top switch of a leg is activated, and 0 when
the bottom switch is activated. Figure 1(b) displays six active VVs and two zero VVs on the d-g plane.

q-axis

a) b) Sector 4
v vovy (010) v3(110)
Sl S3 S5 Sector 3
_IK K — 1 vs _ b >
Vbe

> —= M\ /v (000) v, (100)
S Sy Se . - ..t”'(.l m_ d-axis

|K Sector 5 Sector 2

v (001 v (101)

Sector 6 Sector 1

Figure 1. a) Three-phase VSI configuration and b) Voltage vectors on d-g plane.

Table 2. Voltage vectors for each switching state of 2L-VSI.

v, s = [s,SgSc] Vs = Vg +jvg

Vg 0 0

2 101 (1/3 =jV3/3)vpc
v, 100 (2/3)vpc

Vs 110 (1/3 +jV3/3)vpc
Uy 010 (=1/3+iV3/3)vpc
Vs 011 —(2/3)vpc

Ve 001 (=1/3-jV3/3)vpc
v 111 0

The optimization stage at FCS-PTC aims to select the VVs that minimize the ripple of torque and stator
flux from their reference values. These VVVs can be classified based on their contribution to either a more
radial or tangential component relative to the circular flux locus. For instance, when the stator flux is located
in Sector 3, v; and v, can be considered as VVs with high radial components, resulting in a greater impact
on flux changes but a smaller impact on torque changes due to their small tangential components. At the
same time, v,, v,, V4, and vy have larger tangential components, which lead to a more significant influence
on torque changes but a lesser effect on flux changes.

The impact of the zero VVs (v, and v,) on torque changes is dependent on the motor speed. At lower
speeds, applying zero VVs results in relatively minimal torque variations. However, as the speed increases,
the effect on torque becomes more pronounced. In contrast, zero VVs have little effect on flux changes,
regardless of speed. The optimization phase aims to select the VVs that minimize the deviation of torque
and stator flux from their reference values.

3. FCS-PTC of Induction Motor

Figure 2 illustrates the schematic representation of the FCS-PTC of an IM. The FCS-PTC has three main
stages (Rodriguez and Cortes, 2012): estimation, prediction, and optimization.
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Figure 2. FCS-PTC block diagram with constant flux WF.

3.1 Estimation

This study estimates the stator flux using a current-based approach, which helps prevent the offset issue
caused by inverter nonlinearities and current measurement error (Miranda et al., 2009). The rotor flux, ..,
is first computed using the rotor flux equation expressed in Equation (2) to estimate the stator flux. Equation
(10) is the result of applying Euler discretization to formulate the equation.

{I}r(k) = 1/l)r(k - 1) + Ts[RrLeris(k) - (1/(RrLr) - jpw (k)){l)r (k - 1)] (10)

where, T is sampling time. Then, the stator flux, y, estimation is derived in Equation (11) by manipulating
Equations (3) and (4)

{I\)s(k) = (Lm/Lr) il)r(k) + is(k)(Ls - Lmz/LrLs) (11)

3.2 Prediction

This stage anticipates stator flux linkage (%) and the torque (T%) at (k + 1)th. The stator flux prediction
as in Equation (12) employs the forward Euler method based on Equation (1). To predict torque using
Equation (5), stator current prediction is necessary, which is expressed in terms of estimated rotor flux
linkage, measured stator current, and measured rotor speed. Consequently, utilizing Equations (12) and
(13), the predicted torque is computed as Equation (14).

'(Ilf(k +1) = {I)S(k) + Tsvg — Rsis(k) (12)
B +1) = (14 To/76)is () + To/Ty + T [1/Rg [(hy /7 = lerj) P () + v5(K)] (13)
T (k+ 1) = 3p/2 Im [} (k + 1)if (k + 1)] (14)

where, t, is the transient time constant of the stator, k,. is the rotor coupling factor and z, is the rotor time
constant.

However, in the context of hardware implementation, a delay due to the sampling process is unavoidable.
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Consequently, it becomes essential to introduce a delay compensation for the predicted torque and flux.
This compensation can be attained by extrapolating the predictions of torque and flux to the next sampling
time (k+2), utilizing the (k+1) values as the initial conditions. The resulting expressions for the predicted
torque and flux are represented by Equations (15), (16) and (17), respectively.

PPk +2)= Pk + 1) + Tyv, — Rl (k+ 1) (15)
ib(k+2) = 1+ Ts/1)is (k+ 1) + Ts/ (15 + Ty) [ 1/Ry [(ky/Tp = kpj) @7 (k + 1) + vs(k)]] (16)
TV (k +2) = 3p/2 Im [ (k + 2)i¥ (k + 2)] (17)

3.3 Optimization

The cost function identifies the optimal VV with the minimal error to be used as the subsequent switching
state in the VVSI. There are two main variables in the cost function: (i) predicted and reference values of the
torque, and (ii) predicted and reference values of the stator flux. Thus, the cost function is defined as
Equation (18).

g=|Tc — Te(k +2)| + Ay|vs — ik +2)| (18)

where, the symbol (*) indicates the torque or flux as the reference value and 4, is the flux weighting factor
that determines the significance of the stator flux error relative to the torque error.

3.4 Major Problem in FCS-PTC with Constant WF

The FCS-PTC, which uses a fixed WF value, will not be able to adapt to changing operating conditions,
potentially leading to performance issues in IM drives such as torque ripple at high speeds or flux errors at
low speeds.

To illustrate this issue, a series of offline simulations were performed using MATLAB/Simulink.
Figure 3 3 shows the Simulink block diagram for the FCS-PTC IM drive utilized in the simulation. The
control technique outlined in the previous part is only implemented for simulation purposes, exploiting the
C S-function. The algorithm's sample time is set to 40 us to match the hardware implementation. The
simulation of the FCS-PTC drive was performed at three different speeds (30 rad/s, 80 rad/s, and 150 rad/s),
with varying 4., values ranging from 7 to 50. Table 3 depicts the IM parameters used in the investigation.
Equation (19) evaluates torque and flux ripples in terms of their standard deviation, o, for each value of
Ay and speed.

g = JXlx — 2/(n - 1) (19)

In Equation (19), x is the flux or torque value of each sampling time, x is the sample mean, and n is the
total number of data distributions. The results show the torque and flux ripples with different values of 4,
and speeds as shown in Figure 4.

Table 3. IM detailed parameters.

Parameter Value Parameter Value
Rated power, Praed 186 W Rated torque, Traed 1.25 Nm
Rated speed, ®rated 150 rad/s Rated flux, |V|rated 0.32 Wb
Stator resistance, Rq 9.9Q Rotor resistance, R, 8.15Q
Stator inductance, L 0.2786 H Rotor inductance, L, 0.2853 H
Magnetizing inductance, L, 0.2651 H Pole pairs 2
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Figure 4. Torque and flux ripples with different flux weighting factors.

In Figure 4(a), the data reveal that as the parameter 4., increases, torque ripple (a7) exhibits an increase,
while lower values of 4, correspond to the lowest 7. In contrast, Figure 4(b) demonstrates that lower 4,
values result in significant flux ripple (o), whereas higher 1,, values provide low g, but yield high oy.
Moreover, it is seen that high-speed condition produces the highest o with an average o value of 0.0591.
Conversely, the highest o, value, averaging at 0.00234, occurs when the speed is at 30 rad/s (low-speed
condition). This emphasizes the priority of flux control at lower speeds and torque control at higher speeds.
Besides, it is evident that minimizing oy, helps to ensure the o7 in an acceptable range. However, it is not
applicable for the opposite situation. This highlights the importance of selecting an appropriate 1,, value

for each speed condition to minimize both o7 and ay,.
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As discussed in the literature review (Section 1), existing WF selection methods are often complex and
computationally intensive; they are either performed offline or online. In response to these challenges, this
paper presents a straightforward online tuning method based on predicted stator flux error. Unlike the
previous methods, no heavy computational requirement is needed thus ensuring a small sampling time and
hence larger control bandwidth.

4. Proposed FCS-PTC

The proposed method, illustrated in Figure 5, utilizes a FC to dynamically determine the value of WF based
on the absolute predicted flux error (|Ay|P) between the reference and predicted stator flux values. In this
work, FC is represented as a DC gain, k¢.. As |Ay|P increases, a higher value of WF should be obtained to
emphasize the importance of flux control. Subsequently, the cost function will choose the VVs that
prioritize flux control to reduce the flux ripple.

_—>
- Cost Optimum
s o vV Voltage Source ] 3 phase
+ Flux Ay function Inverter | M
| Ay |P ZEEN optimization
- controller L{}J
5 (k+2) 1
£(+2) Py (k+2) o
U Prediction [€— w
n=012..7
(k) Pe(k)
«<—,(k—1) i (k)
pw —>| Estimation

Figure 5. Proposed FCS-PTC with flux controller.

It must be highlighted that the role of FC or the kg is not to eliminate or minimize flux ripple, as this task
is dependent on the VVs selection by the cost function. Rather, the FC is used to ensure a fast dynamic WF
response to generate an appropriate value of WF, directly proportional to the |Ay|P.

If the absolute predicted flux error and predicted torque error are defined by Equations (20) and (21),
respectively, then the cost function in Equation (18) using a constant 4, can be written as Equation (22).

AP = | 5 — 3 (k + 2)] (20)
IAT|P = |Ty — TS (k+2) | (21)
g = |AT|P + AylAy[P (22)

Meanwhile, the dynamic WF, denoted as 4, . for proposed method in Figure 5 can be determine as ki,

multiply with |Ap|P. Hence, the new cost function, gg. for the suggested method can be written as Equation
(23). By comparing Equations (22) and (23), the value of k¢. can be determine as Equation (24).
gie = IATIP + ke (189[P)? (23)

ke = Alpnominal/lAlpTHl (24)
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Calculate the
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speed of IM 1
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Flux and Torque multiplying the predicted flux error
estimation with the DC gain of FC
} i
Flux and Torque Cost function optimization to
prediction select the optimal VV

Figure 6. Flowchart of the proposed method.

To facilitate the selection of the value for kg, it is crucial to identify one significant parameter, which is
defined as the absolute threshold predicted flux error, denoted as|Ay |, as shown in Equation (25). The
term |Ay 1y | refers to a maximum permitted flux error that determines the value k¢ for a specific value of
Aymominat- The value of Ay, omina Will be selected from the offline experiments that provide a considerable
low flux and torque ripple. Furthermore, according to (Zhong et al.,1997), the optimal flux hysteresis
bandwidth should be 5% of the rated flux, which results in optimal harmonic distortion and optimal
switching frequency. In this research, the threshold is set to be 2%, which is less than half of 5%.
Consequently, a threshold predicted flux error of 0.0064 is selected in this work, which corresponds to 2%
of the reference flux of 0.32 Wh. Figure 6 is presented to provide more insight on the proposed improved
FCS-PTC method.

5. Experimental Results

Figure 7 shows the experimental validation of the suggested technique using a 186 W, 1425 RPM, 3-phase
IM drive fed by a 2-level VSI. Table 3 includes detailed parameters for the IM. The algorithm is then fully
programmed onto the DS1104 controller board.

Generally, programming the DS1104 can be done in two ways. The first way entails developing the control
algorithm using SIMULINK. The algorithm is subsequently compiled and uploaded into the DS1104 for
real-time execution. It is the simplest and quickest approach of programming. The second way is more
manual which involves writing C programs known as hand coding. This is accomplished by calling C
functions from dSPACE's real-time library. The C codes are then compiled, linked, and loaded into the
DS1104. The second procedure takes longer and is more tedious than the first. However, when it comes to
complex control algorithms like FCS-PTC, the second method is often the best option. Hand-coded C
programmes allow for a sample time of 40 us, which is not possible with SIMULINK.

To accurately monitor and measure the motor speed, an incremental speed encoder with 2048 pulses per
revolution sampled at 0.001s was used. Two-phase currents of the IM were sensed using two current
sensors. Simultaneously, the switching pulses were generated by the DS1104 Slave DSP PWM3 Duty.

Based on the offline experiment, the A,nominal is selected to be 17. With the |Ay 1| equal to 0.0064 and

using Equation (24), the value of kg, is calculated to be 2656.25. Thus, in this paper, a comparison is made
between two methods: the proposed FCS-PTC and the FCS-PTC with constant WF, 4,, value of 17.
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1.15.1 Speed Reversal Performance

Figure 8 illustrates the IM response to speed reversals. This figure demonstrates excellent dynamic
performances for both methods, whereby the speed rapidly reverses from 100 rad/s to -100 rad/s in less
than 0.2s. This observation suggests that the dynamic performance of both techniques is similar and

comparable.

| Speed encoder

| Power supply for
current sensor \ e / /
and gate driver 1) SNSEE
— ) §.l Sr

Figure 7. Experimental set-up.

FCS PTC (WF=17)

DS1104
controller board |

Proposed FCSPTC

2 100 = 1100
£
= 0 0
]
¥
& -100k 100
2 5 57 58 59 6 61 62
2 2f
£
-
0 0
%]
W
g2 - - a2l
5.4 5.6 5.8 6 57 58 59 6 61 62
E)
El 1
: o OW
g -l o I .t
5.4 5.6 5.8 6 57 58 59 6 61 62
.04 0.4
E .
= 0.2 0.2}
g
=
0 0
5.4 5.6 5.8 6 57 58 59 6 61 62
Time (8) Time ()

Figure 8. Speed, torque, stator flux, and stator current during speed reversal for the constant WF (left) and proposed

(right) metho

ds.
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5.2 Steady State Performance

Next, a steady-state evaluation is performed to assess the advantages and drawbacks of both methods. This
analysis specifically considers current, torque, and flux, encompassing three different speed conditions: 30
rad/s (low), 80 rad/s (medium), and 150 rad/s (high), as illustrated in Figure 9, 10, and 11.

From the three figures, it can be seen that the proposed method has been able to provide dynamic changes
in flux WF, 4,, for every speed condition in every sampling period. The current and flux performances of

both methods exhibit almost identical results across all speed conditions. This is valid because theoretically,
the current performance is mainly influenced by the flux performance (Casadei et al., 1994). This result
aligns with expectations since the proposed method utilizes A,, of 17 as the reference; hence, the flux

performance should be similar. As a result, at 4,, of 17, the oy, and current harmonic ought to be almost
identical to the o,. Nonetheless, Figures 9, 10, and 11 demonstrate a discernible improvement in torque

performance for the proposed method. This improvement is consistent with the inference drawn in Section
3.4, which emphasizes that under all speed conditions, minimizing g, aids in minimizing o7

To provide more insights, Table 4 presents a comprehensive overview of the results for harmonic current,
or, and ay,. The current harmonic measurements were obtained using FFT analysis in MATLAB/Simulink,

with a maximum frequency of up to 10,000 Hz. Table 4 shows that at all speeds, o has decreased by at
least 3.22%. Meanwhile, there is less than a 2% difference between the a,;, for the proposed and the constant
WF method, which stays almost the same. The proportion of current distortion, where the average disparity
is 0.54%, exhibits a similar pattern. This is to be expected, as the current distortion is mainly influenced by
the flux response instead of the torque response, as mentioned earlier.

Figure 12 illustrates the distribution of frequencies for the parameterA,,. Observably, the proposed method
used high values of 4, (those exceeding 60) at low speeds of 30 rad/s. On the other hand, a higher number
of low A, values (those less than 20) are employed at higher speeds. This suggests that the proposed

technique effectively satisfies the requirement to prioritize torque control at higher speeds while
emphasizing greater flux control at lower speeds.

FCSPTC (WF=17) Proposed FCS-PTC FCSPIC (WE=17) Proposal EFGS-PTC
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Figure 9. Phase current, torque and flux response at Figure 10. Phase current, torque and flux response at
30rad/s for constant WF (left) and proposed (right) 80rad/s for constant WF (left) and proposed (right)
method. method.
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(right) method.

Table 4. Torque ripple, flux ripple and current harmonic for both methods.

Speed Torque ripple, o Flux ripple, oy, Current harmonic (%)

(rad’s) | Constant WF | Proposed | % different | Constant WE | Proposed | % different | Constant WF | Proposed | % different
30 0.1003 0.0954 -4.89 0.0052 0.0053 +1.92 14.01 14.11 +0.73
80 0.1118 0.1082 -3.22 0.0058 0.0058 0 15.98 16.00 +0.13
150 0.1025 0.0991 -3.32 0.0053 0.0054 +1.89 15.78 15.90 +0.76

5.3 Voltage Vector Analysis

VV analysis is performed for the three speeds conditions to deepen the understanding of how the proposed
method, with dynamic 4, values, can improve flux and torque control. Figure 13 depicts the selected VVs
when the flux is in Sector 3 (shown in Figure 1(b)) at low, medium, and high speeds, respectively.

Speed: 30rad/s Speed: 80rad/s Speed: 150rad/s

80 80 80

£ 60 60 60

B 40 40
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Figure 13. Voltage vector and selected flux weighting factor at sector 3.
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Figure 13 showcases that at lower speeds, flux control is more critical than torque control. This leads to a
preference for higher 4,, values. Consequently, the radial Vs, v; and v, options are less favored as they
induce significant changes to the flux and will cause distortion. Therefore, the tangential VVs, v, and vg
are preferred due to their minimal impact on flux at lower speeds. Additionally, even the zero voltage
vectors (zero VVs) are chosen because they also result in minimal flux changes.

As speed increases, torque control becomes more prominent, hence smaller 4, is desirable. Notably, zero
VV is used less commonly since it produces considerable torque changes. Tangential Vs, such asv, and
vs , become the dominant torque control options at higher speeds. Occasionally, the radial component
vectors like v5 and v, are also selected for torque and flux control. All these results align with the theory
stated in Section 2.1.

6. Conclusion

A straightforward and effective technique is presented for real-time adjustment of a WF in an FCS-PTC IM

drive. The novelty of this research lies in the innovative approach to tune the WF, which has been a

significant challenge in the field. There are four key points highlighting the novelty of the work:

(i) The research introduces a FC to provide dynamic fast WF tuning response for the FCS-PTC.

(ii) The FC enables automatic tuning of the WF, a significant improvement over manual tuning or using
constant WF.

(iii) The proposed method uses simple mathematical method which removes the need for complex
computation in selecting the WF.

(iv) This research includes experimental validation using DS1104 controller board and the outcomes
substantiate the effectiveness of the suggested method in enhancing the performance of the IM.

Based on experimental results, it reveals that the FCS-PTC with the constant WF method may reduce oy,
with increased o, particularly at high speeds. In contrast, the proposed method effectively preserves flux
performance while displaying minimal current distortions. The difference in flux does not exceed 0.0001
Wh. Furthermore, the proposed method significantly reduces torque ripple by a range of 3% to 5% compared
to the FCS-PTC with the constant WF method. It is anticipated that by implementing the proposed improved
FCS-PTC method, the overall IM performance and efficiency will be enhanced. The IM can be used for a
longer duration, as there will be no unwanted heat generation caused by the high flux ripple and high current
distortions, as well as no unnecessary vibration due to the high torque ripple.

Furthermore, several recommendations for future work can be made for this research. For example, the
suggested approach can be applied to an IM with a higher power rating. In addition, the IM can be connected
to any active load to study how the proposed method performs under the added complexity introduced by
the load. A larger motor generates a larger torque, allowing for a more comprehensive transient state
analysis. The proposed method can be implemented and analysed in the flux weakening region, which is
typically where the motor operates at speeds higher than the rated speed. Analysing the proposed method in
this region can provide insights into the system's overall performance and verify if the proposed method
meets its intended performance targets. It also helps to identify any potential issues or limitations of the
proposed method.
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