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Abstract—In the propulsion and electrical systems of more-
electric aircraft (MEA), the switched reluctance motor (SRM) is re-
garded as one of the key motor topologies due to its simple structure,
high-temperature tolerance, wide speed range, and strong fault
tolerance. Due to the inherent torque ripple, its application range
is limited. Model predictive control (MPC), with its multivariable
optimization capability, has been widely applied in torque ripple
suppression and efficiency improvement of SRM. Nevertheless,
conventional MPC typically adopts fixed weighting coefficients in
the cost function, which limits its applicability under varying oper-
ations. To address this issue, this article proposes a fuzzy-control-
based variable-weight MPC (FCMPC) strategy. By constructing
a fuzzy inference system based on a load torque observer, the
proposed method dynamically adjusts the weighting coefficient
in the cost function according to the motor’s operating state,
thereby achieving adaptive optimization of the control strategy.
The method exhibits excellent performance in both dynamic and
steady-state conditions, significantly enhancing the generality and
control performance of MPC under various operating conditions.
It is particularly suitable for MEA applications that demand high
control precision and fast dynamic response.

Index Terms—Fuzzy control strategy, model predictive control
(MPC), multicondition operation, switched reluctance motor
(SRM), variable weighting coefficients.

NOMENCLATURE

Ophs Yph Rotor position and flux linkage.
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Tph, Uph Phase current and voltage.

Ry, Phase resistance.

w,w Actual and estimated speed.

w Speed estimation error.

At Control period.

Udge, Lge DC bus voltage and current.

Sk Excitation state (—1, 0, 1).

Jq Cost function.

qt Weighting coefficients of torque.
qi Weighting coefficients of current.
Te p, Tref Estimated and reference torque.
Tem, 1T, Electromagnetic and load torque.
Thaxs Tmin  Maximum and minimum torque.
Tave Average torque.

kr,m Torque ripple and motor efficiency.

S Search set of current weighting coefficients.

I(q;) Current fluctuation terms.

fmin Minimum torque ripple.

Tinin Minimum current.

Qr,Qr Torque and current constraint set.

Q Feasible set.

Lot Reference current energy.
Fy, Fuzzy set of the current weighting factor.
Fr, Fuzzy set of the load torque.

F, Fuzzy set of the rotor speed.
R; ith fuzzy rule.

D Viscous damping coefficient.
J Moment of inertia.

k Sliding-mode gain.

T Unfiltered estimated load torque.
Tr Filtered estimated load torque.
We Cutoff frequency of the low-pass filter.
S Laplace operator.

I. INTRODUCTION

ITH the growth of the global economy, escalating en-
W ergy consumption has led to massive carbon emissions,
posing serious challenges to the ecological environment [1].
Among various transportation modes, the aviation sector has
emerged as a major contributor to carbon emissions due to its
heavy reliance on a stable fuel supply to ensure flight safety and
sustained operation at cruising altitude [2].
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To achieve efficient, low-carbon and sustainable flight, more-
all electric aircraft have become key research focuses in industry
and academia [3]. As more-electric aircraft (MEA) technologies
continue to evolve, aircraft power systems are shifting from
conventional centralized architectures toward highly integrated
and high power density electrical frameworks [4].

Among the key enabling technologies of MEA [5], the embed-
ded starter/generator (ESG) integrates engine starting and power
generation functions through a directly coupled configuration
with the engine. This technology not only enhances system
reliability but also greatly reduces volume and weight, thereby
strongly supporting the development of highly integrated and
lightweight aircraft electrical systems [6].

The switched reluctance motor (SRM) offers excellent bidi-
rectional operating capability [7] and is particularly well-suited
for high-temperature environments due to its simple structure,
which lacks windings and permanent magnets on the rotor [8].
As a result, SRM reluctance starter/generator systems are con-
sidered an ideal candidate for ESG applications [9]. In addi-
tion, SRM exhibits a wide constant power speed range and
strong fault-tolerant performance [10], [11]. These features align
closely with the high-performance requirements of electric drive
systems in MEA, positioning SRM as a strong contender in the
future of aircraft electrification [12].

However, several critical challenges remain to be addressed
for SRM-based ESG systems. The inherently high torque ripple
may cause shaft damage and induce blade resonance in the
aircraft engine, posing potential safety risks to the system [13].
Meanwhile, the high ambient temperature and poor cooling
conditions inside the engine lead to significant energy losses
in the starter/generator, thereby reducing overall system effi-
ciency [14].

Therefore, a variety of advanced control strategies have been
proposed to enhance the dynamic response of the SRM, im-
prove its torque output characteristics, and further reduce energy
losses [15], [16]. Although the conventional chopping current
control is simple to implement, its limited control frequency
hinders precise current tracking and delays the response, making
it unsuitable for high-performance applications [17].

In recent years, model predictive control (MPC) has become
an important research focus in SRM control due to its excel-
lent dynamic response and multiobjective optimization capa-
bility [18]. In [19], a model predictive current control method
for six-phase SRM was proposed based on an improved Lehuy
model, combined with a sliding-mode disturbance observer to
effectively suppress performance degradation caused by param-
eter mismatches. In [20], a torque sharing function was inte-
grated with pulsewidth modulation control signals, where a lin-
ear polynomial fitting method was adopted to expand predictive
data, achieving accurate reference torque tracking and effective
torque ripple suppression. Furthermore, Han etal. [21] addressed
the difficulty of obtaining accurate SRM mathematical models
by proposing a current difference-based model-free predictive
current control method, which requires only phase currents at
two consecutive sampling points to achieve efficient control.

However, conventional MPC adopts fixed weighting factors,
making it difficult to adapt to the variation of objective priorities
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under different operating conditions, and thus, it cannot maintain
optimal performance across various scenarios. As highlighted
in [22], the selection of weighting factors remains a key chal-
lenge restricting the performance of MPC.

To eliminate the dependence on predefined weighting factors,
various approaches have been proposed. Elmorshedy et al. [23]
constructed a weighting-factor-free cost function based on the
maximum thrust per ampere strategy, reducing the compu-
tational complexity of linear induction machine control and
improving efficiency. Wang et al. [24] presented an improved
cascaded finite-set MPC scheme that balances dynamic per-
formance and steady-state accuracy while avoiding complex
weighting factor tuning. Xie et al. [25] achieved multiobjective
optimization without weighting parameters through cost func-
tion decomposition and sorting algorithms. Zhang et al. [26]
reconstructed the cost function using direct voltage-vector se-
lection, thereby completely eliminating weighting factors and
enhancing system robustness.

In terms of weighting factor optimization, a variety of intel-
ligent and self-tuning methods have also been proposed. Wang
et al. [27] employed an improved particle swarm optimization
algorithm for automatic tuning of weighting factors, reducing
torque ripple and switching frequency. Yao et al. [28] combined
artificial neural network (ANN) with genetic algorithms to ob-
tain optimal weighting factors through offline training. Guazzelli
et al. [29] applied nondominated sorting genetic algorithm II to
optimize weighting factors, achieving a tradeoff among torque
ripple, flux ripple, and switching frequency. Liu et al. [30] de-
signed weighting factors algebraically and incorporated integral
terms into the cost function to eliminate steady-state error.

As summarized above, there is currently no unified method
for determining weighting coefficients in MPC, and research
specifically focused on SRM remains limited. To address this
gap, this article proposes a fuzzy-control-based variable-weight
MPC (FCMPC) strategy that enables adaptive adjustment of the
weighting coefficient, significantly enhancing the adaptability
and engineering applicability of MPC under complex opera-
tions.

The main contributions of this article are as follows.

1) The control performance of MPC with different weighting
coefficients under various operations is analyzed, and
the selection patterns of optimal coefficients are obtained
through simulation.

2) A fuzzy controller is introduced to enable online adjust-
ment of weighting coefficients, enhancing the dynamic
multiobjective optimization capability of MPC.

3) A load torque observer based on sliding-mode control
theory is designed. The fuzzy controller takes the real-time
rotor speed and the observed load torque as inputs to
output the corresponding adaptive weighting coefficient,
enabling MPC to adjust control priorities according to the
current operations.

The rest of this article is organized as follows. Section II
introduces the control principle of MPC and constructs the
associated cost function. Section III analyzes the selection rules
for weighting coefficients under different operations, and based
on this, proposes the FCMPC strategy. It also presents the design
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of a sliding-mode-based load torque observer used to provide
torque input to the fuzzy controller. Section IV validates the
proposed method through semiphysical experimental testing.
Finally, Section V concludes this article.

II. PRINCIPLE OF PREDICTIVE CONTROL FOR SRM

Predictive control, based on currently available measurement
data and a predictive model, calculates the system output under
various input conditions, and then selects the input that best
meets the control objectives for the next control cycle.

A. System Structure

The schematic diagram of MPC system is illustrated in Fig. 1.
The MPC module primarily consists of four components: candi-
date switching state calculation, predictive stage, cost function
construction, and switching state selection. The system inputs
include Opn (k), Ypn(k), ipn(k), and Ties.

B. Predictive Computation

The predictive computation mainly consists of four parts:
position prediction, flux linkage prediction, current prediction,
and torque prediction.

1) Position Prediction: The predicted rotor position is ob-
tained from the current rotor position and angular velocity as

9ph(k + 1) = 9ph(k) + wAt. (1)

2) Flux Linkage Prediction: The discrete-time expression
for flux linkage prediction is derived using Euler’s formula as

Von(k + 1) = pn(k) + (SkUde — ipn (k) Rpn) AL, (2)

The phase flux linkage (k) is computed from ¢, = [ (uph —
Rphipn) dt. Based on all possible switching states of each phase
winding, the predicted flux linkage values at time step k + 1 are
calculated.

Si represents the candidate switching state of each phase
winding and is defined as

+1, magnetization
S =140, freewheeling 3)
—1, demagnetization.

The current paths under different switching states are shown
in Fig. 2, where (a) denotes the magnetization mode with both
switches turned-ON, (b) the freewheeling mode with one switch
turned-ON, and (c) the demagnetization mode with both switches
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(®)

Fig. 2. Operating states of the power converter. (a) Magnetization. (b) Free-
wheeling. (¢c) Demagnetization.

turned-OFF. The red arrows indicate the current direction and
illustrate the variation of energy flow under different operating
states.

3) Current Prediction: After obtaining the predicted rotor
position @y, (k + 1) and flux linkage ¢pn(k + 1), the predicted
current value ip,(k 4 1) at the next time step can be retrieved
using a two-dimensional position—flux linkage—current lookup
table [31].

4) Torque Prediction: Similar to the current prediction pro-
cess, once the predicted position 6, (k + 1) and current 4y, (k +
1) are known, the predicted torque T, ,(k + 1) at the next time
step can be obtained using a two-dimensional position-current-
torque lookup table.

C. Cost Function Construction

MPC performs optimization over the predicted switching state
combinations through a cost function, with priority given to
torque tracking while also considering current optimization to
suppress torque ripple and improve overall system performance.
In summary, based on the dual control objectives of torque and
current, the conventional MPC cost function for the SRM is
formulated as

3 2 3
Jg =g <Z T.p(k+1)— Tref> +ai Y lig(k+ D).
p=1 ph=1
4)

q: and g; are used to coordinate the two optimization objec-
tives of torque and current by adjusting their relative priorities
within the MPC framework, thereby enabling the generation of
more optimal switching signals. The controller selects the most
appropriate switching state for the power converter based on
the minimum value of the cost function. The impact of these
weighting coefficients on control performance and their role in
regulating control priorities will be discussed in the following
section.

III. PROPOSED VARIABLE WEIGHTING STRATEGY

To address the limitations of fixed weighting coefficients in
conventional SRM MPC, particularly the inability to dynam-
ically balance torque tracking and current suppression under
varying speed and load conditions, this article proposes a vari-
able weighting factor strategy.
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Fig. 3. Total torque and phase current under different weighting coefficients
at 1200 r/min /I N - m. (a) ¢; = 0. (b) ¢; = 0.001. (c) g; = 0.01.

A. Study on Weighting Coefficients in MPC of SRM

This section investigates the selection method of weighting
coefficients in conventional MPC for SRM, and analyzes the
selection patterns of these coefficients under different operations
through simulation.

1) Weighting Coefficient Setting in Traditional MPC: In
SRM control, torque ripple suppression is the primary objective,
while current optimization serves as a secondary goal. Due to the
coupling between current and torque, a too low current weight-
ing coefficient may cause waveform distortion and increased
torque ripple. Therefore, it is essential to properly balance the
weighting coefficients of torque and current to achieve optimal
control performance.

This section presents an simulation analysis of weighting
coefficient selection in the conventional MPC cost function,
using the 1200 r/min/l N - m operation as an example. By
fixing the torque weighting coefficient ¢, = 1 and varying the
current weighting coefficient ¢; among 0, 0.001, and 0.01, the
control performance is evaluated to determine an appropriate
order of magnitude for ¢;. The torque ripple is calculated using
the following equation:

TIII X Y‘IIIIiIl
kT = —max - min X 100% (5)
Tavg

The motor efficiency can be calculated using the following
expression:

_ Temw
= Udc-[dc

The total torque simulation results and the corresponding
current waveforms under the operation of 1200 r/minand 1 N - m
for different current weighting coefficients are shown in Fig. 3.

When the current weighting coefficient is set to ¢; = 0, the
cost function neglects current constraints entirely, resulting in
significant current spikes and increased torque ripple. With
q; = 0.001, the cost function properly accounts for current

x 100%. 6)
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TABLE I
TORQUE RIPPLE AND EFFICIENCY UNDER DIFFERENT WEIGHTING
COEFFICIENTS AT 1200 R/MIN/IN - M

qi k1 (%) n (%) qi k1 (%) n (%)

0 145.9 61.0 0.006 66.0 68.2
0.001 83.3 66.6 0.007 72.6 68.3
0.002 79.3 66.9 0.008 84.0 68.0
0.003 76.6 67.2 0.009 88.0 68.4
0.004 70.3 67.8 0.010 89.0 68.5
0.005 66.4 68.2

constraints, leading to a smoother current waveform and achiev-
ing a good balance between torque control and efficiency im-
provement. However, when ¢; = 0.01, the cost function places
excessive emphasis on current, a secondary control objective,
which compromises torque tracking performance. Although a
slight improvement in efficiency is observed, the torque ripple
increases noticeably.

Based on the simulation results above, it can be concluded
that the appropriate order of magnitude for the current weighting
coefficient under the operation of 1200 r/min/1 N - m lies within
the range of [0.001, 0.01]. To further determine the optimal coef-
ficient for this condition, additional simulation were conducted
with ¢; confined to this interval. The corresponding simulation
results of torque ripple and efficiency for each selected weighting
coefficient within the range are summarized in Table I.

As shown in Table I, both the torque ripple and efficiency
of the SRM vary with changes in the weighting coefficient.
Within a reasonable range of magnitudes, the optimal selection
of the weighting coefficient should primarily aim to minimize
the torque ripple. According to the simulation results, when the
weighting coefficientis setto ¢; = 0.005 or ¢; = 0.006, the SRM
achieves the lowest torque ripple under the 1200 r/min/l N - m
operation. Under these coefficient values, the conventional MPC
demonstrates relatively optimal control performance.

2) Performance Analysis of Conventional MPC Under Dif-
ferent Operations: The conventional MPC cost function adopts
fixed weighting coefficients, resulting in constant control pri-
orities that cannot adapt to changes in operations. To evaluate
its performance under varying conditions, two representative
operating points were selected: 1000 r/min at 2 N - m and
1200 r/min at 0.5 N - m. The simulation results for torque ripple
and efficiency under different current weighting coefficients are
presented in Fig. 4.

It can be observed that the variation of the ¢; has a sig-
nificant influence on torque ripple characteristics, as analyzed
below. With the increase of the current weighting coefficient
qi, the torque ripple coefficient kp first decreases and then
increases, indicating that there exists an optimal ¢; within a
certain range that minimizes the torque ripple. When ¢; is small,
the controller emphasizes torque tracking, resulting in larger
current fluctuations and higher torque ripple. As ¢; increases,
the current regulation capability is enhanced, and the torque
ripple is significantly reduced. However, when ¢; becomes ex-
cessively large, the controller oversuppresses current variation,
limiting the torque response and causing the torque ripple to
rise again. Meanwhile, the efficiency n changes little with ¢;,
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cients.

Torque ripple and efficiency under different current weighting coeffi-

indicating that the weighting coefficient mainly affects torque
ripple while having minimal influence on energy conversion
efficiency. Therefore, the simulation results demonstrate that
there exists an optimal tradeoff between torque smoothness and
dynamic response. The conventional MPC with fixed weighting
factors cannot maintain this balance under all operating condi-
tions, which verifies the necessity of the proposed FCMPC fuzzy
adaptive weighting mechanism.

3) Selection of MPC Weighting Coefficients for SRM: This
section further investigates the selection rules of MPC weighting
coefficients for SRM under various operations through simula-
tion, serving as a data foundation for the variable-weighting
MPC strategy proposed in the next section.

The motor speed is divided into nine levels ranging from 400
to 1200 r/min, and the load torque is set to five levels from 0.5
to 2.5 N - m. To reasonably determine the current weighting
coefficient ¢; under the condition of a fixed torque weighting
q: = 1, this study conducts an analysis based on the cost function
(4). For each operating condition (w, 77,), a weighting search set
is defined as follows:

S=1{q | g €[0.001,0.01], Ag; =0.001}.  (7)

For each candidate ¢; € S, the steady-state electromagnetic
torque waveform is obtained, and the corresponding torque-
ripple factor is computed from (5). The minimum torque ripple
is then given by

E2R — min kp.
T q;€S

®)

To ensure that the torque-ripple performance remains close to
the optimum, a 5% relative tolerance band is adopted, and the
constraint set of the weighting factors is defined as

min
fep — k0
min
kT

QT:{QiES‘ S5%}- ©))
For the current index, the global minimum current over the
search set S is obtained as
3

. . . 2
Lnin = glérsll(qi) = miy Qipz_; lipn(k +1)[7. (10)
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Fig. 5. Overall structure of the fuzzy control strategy.

Specifically, I(g;) denotes the current obtained at the corre-
sponding operating condition when the current weighting factor
is set to g;. To avoid an increase in current while reducing the
torque ripple, a relative tolerance of 0.5% is adopted, and the
constraint set for the current constraint is defined as

I i) Imin
sz{qies m§0.5%}. (11)
The feasible region is given by
Q=09rnNy9s. (12)

The optimal coefficient and feasible range are determined as
[, ¢"*] = [min(Q), max(Q)]. (13)

a4 4

After repeating this process across all speed—load conditions,
the global recommended range is summarized in Table II. The
results reveal significant variation in the optimal g; values
across different operations. Due to the use of fixed weighting
coefficients, conventional MPC struggles to maintain consistent
control performance under diverse conditions. Therefore, to
achieve high-performance SRM control across a wide range of
operating states, it is essential to construct an MPC cost function
with dynamic priority adjustment capability.

To address this challenge, the next section proposed an MPC
strategy with fuzzy logic-based variable weighting to enable
adaptive and optimized control performance for SRM under
complex operations.

B. Fuzzy Control-Based Variable Weighting Factor MPC

Fuzzy logic system is a powerful tool to approximate un-
known continuous functions, and it has also been broadly uti-
lized in the control of nonlinear systems [32], [33]. This article
adopts fuzzy control as the strategy for variable weighting
factors and proposes an FCMPC method, in which the motor
operations are used as inputs to achieve dynamic adjustment of
weighting coefficients under different operations. The overall
structure of the fuzzy control strategy is shown in Fig. 5. The
design procedure includes the following key steps.

1) Selection of Input Variable: Rotor speed w, and load
torque 77, are chosen as the input variables of the fuzzy inference
system.

2) Definition of Membership Functions: To construct the
fuzzy inference system, the fuzzy universes of discourse for
the input and output variables need to be defined. The load
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TABLE II
OPTIMAL ¢q; RANGES UNDER DIFFERENT TORQUE AND SPEED CONDITIONS

Speed / r/min

qi ( 10_3)
400 500 600 700 800 900 1000 1100 1200
0.5 [5.6] [5.6] [5.6] [4.5] [3.4] [3.4] [2,3] [2.3] [2.3]
1.0 [5,6] [5.6] [5.6] [5.6] [5.6] [5.6] [5.6] [5.6] [5.6]
Torque / N-m 1.5 [5.,6] [5,6] [5,6] [5,6] [4,5] [4,5] [3.4] [3.4] [3,4]
2.0 [4.5] [4.5] [4.5] [4.5] [3.4] [3.4] [2,3] (23] [2.3]
2.5 (3.4] [3.4] [2,3] [2,3] [2,3] [2,3] [1,2] [1,2] [1,2]
1 MS M ML L 1 S MS M ML L 55
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Fig. 7. Fuzzy surface of the weighting coefficient.
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Fig. 6.  Membership function diagram. (a) Load torque. (b) Motor speed. (c)
Weighting coefficient.

TABLE III
Fuzzy RULE TABLE FOR q; BASED ON w;.- AND T7,

Wy
qi
S MS M ML L
S L L M MS MS
MS L L L L L
Ty, M L L L ML ML
ML ML ML M MS S
L M MS S S S

torque 77, is defined within the range [ON - m, 3N- m], the rotor
speed w, within [0 r/min, 1500 r/min], and the current weighting
factor ¢; within [0.001, 0.007]. For each of these three variables,
fuzzy subsets with consistent resolution are established, cate-
gorized as small, medium-small, medium, medium-large, and
large, represented by the linguistic terms S, MS, M, ML, and
L, respectively. The corresponding membership functions are
illustrated in Fig. 6.

3) Rule Base Design: After the fuzzification of input and
output signals, the fuzzy control rules are designed as follows:
when both the motor load torque and speed are high, the current
weighting factor g; should be appropriately reduced; when the
load torque is at a medium level, g; should be increased to
maintain effective current constraint; and when the load torque
is low, ¢; should be reduced as the speed increases. Based on the
above analysis, the fuzzy rule base for the variable weighting
MPC of the SRM is established, as shown in Table III.

4) Fuzzy Inference and Defuzzification: After the input val-
ues are fuzzified, they are mapped to the corresponding output

fuzzy subsets based on the established fuzzy rules. The fuzzy
inference engine combines the membership degrees of the input
variables with the output subsets defined in the rules, and uses
the Mamdani inference method [34] to deduce the output fuzzy
region. The inference process is as follows:

25
Fy, = (Fr, x F,)o R=|J(Pr, x F,,) o R;.

i=1

(14)

Specifically, F7; denotes the fuzzy set of the output current
weighting factor, while F7r, and F,,. represent the fuzzy sets
of the load torque and rotor speed, respectively. R; corresponds
to the ¢th fuzzy rule. The symbol “o” indicates the composition
operation in fuzzy inference, which in this case refers to the
max—min composition employed in the Mamdani method. In
the expression, “x” denotes the intersection operation, whereas
“U” denotes the union operation.

After obtaining the output fuzzy set through fuzzy inference,
the centroid method is used for defuzzification to obtain a precise
numerical value for the output variable. The output surface of the
current weighting factor defuzzified using the centroid method
is illustrated in Fig. 7.

C. Design of Load Torque Observer

Load torque is one of the input variables to the fuzzy con-
troller. Since it is difficult to measure directly in practical
systems, a load torque observer is required to estimate it.
The sliding-mode observer offers advantages, such as fast re-
sponse, strong robustness, and low sensitivity to parameter vari-
ations [35]. In this section, a sliding-mode load torque observer
is designed, which takes the electromagnetic torque and motor
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speed as inputs to estimate the load torque. The estimated torque
is then used as the torque input for the fuzzy controller.
The mechanical motion equation of the SRM is given by
dw Tew T D
dat —J J J
Based on the sliding-mode control principle, the speed obser-
vation equation is constructed as follows:
Ao Tem D

L

Here, & is the estimated speed and 7, = k sign(w — w) de-
notes the sliding-mode control law, where £ is the sliding-mode
gain.

By defining the speed estimation error, the sliding surface can
be designed as

s)

(16)

s(x) = —w. 17)
By subtracting (8) from (7), we obtain
do Ty, D
— == -7, — —. 1
a g Y (18)

According to sliding-mode control theory, when the system
reaches steady state and operates near the sliding surface, the
speed observation equation approximates the actual speed state
equation. Thus, the sliding surface satisfies s(x) = $(z) = 0.
Under this condition, the observed value of the motor load torque
is given by

19)

To ensure the reachability and stability of sliding-mode con-
trol, the sliding surface must satisfy the condition: ss < 0.
Through analysis, it is determined that the sliding-mode gain
k must satisfy

T = JZ,.

TL — Ds
T
Due to the discontinuity of the sliding-mode control law,
the estimated load torque contains significant high-frequency
switching components. To suppress this interference, a low-pass
filter is introduced to eliminate the high-frequency noise. There-
fore, the filtered estimated load torque can be expressed as

k> (20)

We

Ty =JZ,- .
L S + we

2

D. Overall Architecture of the FCMPC Control System

The final structure of the sliding-mode load torque observer
is illustrated in Fig. 8.

The control framework integrates several functional mod-
ules, including the PI controller, fuzzy logic module, predictive
model, load torque observer, and power converter, and the ar-
rows in Fig. 8 clearly illustrate the signal flow and parameter
dependencies among them. Specifically, the PI speed controller
generates the reference torque command 7T:.¢ based on the speed
error. The fuzzy logic module receives the current speed and load
torque information and outputs the adaptive weighting coeffi-
cient g; for the cost function. The predictive model calculates the
predicted torque and current values for each candidate switching
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Fig. 9. Photograph of the employed experimental test bench.

TABLE IV
PROTOTYPE PARAMETERS OF THE 12/8-POLE SRM

Parameter Value
Rated power 600 W
Rated speed 2000 r/min
Rated load torque 3 N-m
Rated current 20 A
Phase resistance 0.22 Q
Friction coefficient 0.002 N-m-s

Moment of inertia 0.00095867 kg-m?

state, while the sliding-mode observer estimates the load torque
to enhance prediction accuracy. Finally, the controller selects
the optimal switching state by minimizing the cost function and
applies it to the power converter.

Compared with the conventional MPC method, the proposed
FCMPC strategy flexibly allocates control priorities under dif-
ferent operating conditions, achieving faster dynamic response,
lower torque ripple, and superior overall control performance.

IV. EXPERIMENTAL VERIFICATION

In this section, the proposed FCMPC method is experimen-
tally verified and compared with the fixed-weight MPC method,
in which the current weighting coefficient is fixed at ¢; = 0.006.
A photograph of the experimental test bench is shown in Fig. 9,
where a three-phase 12/8-pole SRM is employed. The main
parameters of the prototype are listed in Table I'V.
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Fig. 10.  Experimental setup and control architecture of the SRM drive system.

The detailed hardware configuration and signal flow of the
experimental platform are shown in Fig. 10. The system mainly
consists of two parts: an electrical subsystem and a mechanical
subsystem. Control commands are transmitted from the PC-
MATLAB control desk to the dSPACE control system via an
RS232 interface. The dSPACE unit outputs switching control
signals to the driver through the I/O module, and the driver
subsequently controls the converter switches G1-G6. The phase
currents are measured by the sensor circuit and feedback to the
dSPACE in real time. Meanwhile, the resolver decoding module
provides rotor position and speed information to the control
system.

In the experiment, both the control and sampling frequencies
were set to 10 kHz, and the dc bus voltage was 96 V. The speed
PI controller gains were chosen as K, = 0.2 and K; = 0.08.
The cutoff frequency of the low-pass filter in the observer
was set to w. = 12, and the sliding-mode gain was selected as
k = 3000. The experiments are organized into three parts: fuzzy
parameter sensitivity analysis, dynamic performance evaluation,
and steady-state performance verification.

A. Sensitivity Analysis of Fuzzy Parameters

The sensitivity of fuzzy parameter tuning was evaluated by
proportionally perturbing the membership functions of the input
and output variables by 4+ 10%, while keeping the rule base
unchanged. As illustrated in Fig. 11, four configurations were
considered: mode 1, both input and output membership func-
tions reduced by 10%; mode 2, the input membership functions
reduced and the output ones increased by 10%; mode 3, the input
membership functions increased and the output ones reduced by
10%; and mode 4, both input and output membership functions
increased by 10%. The baseline configuration without perturba-
tion corresponds to the case shown previously in Fig. 11.

Table V presents the performance comparison under + 10%
membership-function perturbations at 1200 r/min and 2 N - m.
Compared with the baseline condition, the efficiency variation
among the four perturbation configurations is minimal, while
The torque ripple increases moderately by about 0.21%—2.54%,
indicating a minor tradeoff between smoothness and efficiency

9083

500 e
. -
1000
o, /tpm g
1500 0

(© (@

@ /pm 1000 <
1500 0

Fig. 11.  Surfaces of weighting coefficient under membership-function pertur-
bations. (a) Mode 1. (b) Mode 2. (¢) Mode 3. (d) Mode 4.

TABLE V
PERFORMANCE RESULTS UNDER MEMBERSHIP PERTURBATIONS

Case Torque Ripple Efficiency Weighting Coefficient
baseline 61.80% 70.59% 1.746 x 103
mode 1 63.42% 71.42% 1.979 x 1073
mode 2 62.01% 70.32% 1.555 x 1073
mode 3 63.98% 71.78% 3.114 x 1073
mode 4 64.34% 71.55% 2.944 x 1073

caused by variations in g;. Overall, the proposed FCMPC method
exhibits low sensitivity to membership-function perturbations.

B. Experimental Verification of Dynamic Performance

To analyze the dynamic performance of the proposed FCMPC
method under transient conditions, both variable-speed and
load-step experiments were conducted at low-, medium-, and
high-speed operating conditions. All experiments were com-
pared with the conventional MPC method with a fixed weighting
coefficient of 0.006.

1) Variable-Speed Performance: The transient response of
the proposed FCMPC method under varying speed conditions
was examined through two acceleration experiments at a con-
stant load torque of 2 N - m. In the first experiment, the motor
speed was increased from 400 to 800 r/min, while in the second,
it was raised from 800 to 1200 r/min.

Figs. 12 and 13 illustrate that both methods exhibit a slight
overshoot during acceleration, with the FCMPC showing a
slightly higher peak due to the fuzzy weighting mechanism,
which emphasizes smoothness and vibration suppression at
the initial transient stage. In contrast, the fixed-weight MPC
shows larger current fluctuations and more significant torque
oscillations as the speed increases. The adaptive weighting co-
efficient g; in the FCMPC method can quickly respond to speed
variations and stabilizes within about 0.3 s, effectively balancing
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Fig.12.  Experimental results of the acceleration process from 400 to 800 r/min

at 2 N - m. (a) Proposed FCMPC method. (b) Fixed-weight MPC method. (c)
Observed load torque. (d) Adaptive weighting coefficient.
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Fig. 13. Experimental results of the acceleration process from 800 to

1200 r/min at 2 N - m. (a) Proposed FCMPC method. (b) Fixed-weight MPC
method. (c) Observed load torque. (d) Adaptive weighting coefficient.

smoothness and dynamic response. The results indicate that the
proposed method can maintain stable torque output and high
dynamic adaptability over a wide speed range.

2) Load-Step Performance: As shown in Figs. 14 —16, when
the load torque suddenly changes from 1 to 2 N- m at constant
speeds of 400 r/min, 800 r/min, and 1200 r/min, the proposed
FCMPC method exhibits smaller torque ripple and smoother
current response compared with the fixed-weight MPC method.
The proposed controller adapts more effectively to the load
variation process, allowing the system to stabilize rapidly at the
new steady state. Throughout the load-step transient, the phase
currents under FCMPC control remain continuous and stable,
whereas those of the fixed-weight MPC display more noticeable
fluctuations. Meanwhile, under all three operating conditions,
the observed load torque accurately follows the actual variation,
and the adaptive weighting coefficient ¢; adjusts in real time
according to the system state, achieving a balanced coordination
between smoothness and dynamic response.
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Fig. 14.  Experimental result of the load-step from 1 to 2 N- m at 400 r/min. (a)
Proposed FCMPC method. (b) Fixed-weight MPC method. (c) Observed load
torque. (d) Adaptive weighting coefficient.
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Fig.15.  Experimental result of the load-step from 1 to 2 N - m at 800 r/min. (a)

Proposed FCMPC method. (b) Fixed-weight MPC method. (c¢) Observed load
torque. (d) Adaptive weighting coefficient.

From the two sets of dynamic experiments, it can be concluded
that the proposed FCMPC method can achieve fast response
and smooth transition under various transient conditions, such
as variable-speed operation and load disturbance. The fuzzy
weighting adjustment mechanism adaptively optimizes the con-
trol parameters according to the operating state, while the load
observer accurately estimates external disturbances, thereby
significantly improving the system’s dynamic performance.

C. Experimental Verification of Steady-State Performance

The steady-state control performance of the proposed
FCMPC method was verified through comparative experiments
conducted at three constant speeds: 400 r/min, 800 r/min, and
1200 r/min, under a fixed load torque of 2 N - m.

1) Low-Speed Steady-State Operation: Fig. 17(a) and (b)
shows the steady-state total torque and phase current waveforms
of the proposed FCMPC and fixed-weight MPC methods at
400 r/min and 2 N - m. Fig. 17(c) and (d) depicts the corre-
sponding observed load torque and adaptive weighting coeffi-
cient, with average values of 1.9761 N- m and 4.5480 x 1073,
respectively.
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TABLE VI
STEADY-STATE PERFORMANCE UNDER DIFFERENT SPEEDS AND LOADS

400 r/min/ 1 N-m 400 r/min / 2 N-m

800 r/min / 1 N-m

800 r/min/ 2 N-m 1200 r/min/ 1 N-m 1200 r/min / 2 N-m

Method
kT n k n kr n kT n k n kr n
Fixed-weight MPC  0.7416  49.58%  0.5191 57.38%  0.7139 59.36% 0.6265 66.87% 0.7683 61.88% 0.7237 70.37%
FCMPC 0.6249  52.36%  0.4666 57.41% 0.6293 60.71%  0.5980 67.83%  0.7459 62.21% 0.6180 70.59%
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Fig. 16.  Experimental result of the load-step from 1 to 2 N - m at 1200 r/min.

(a) Proposed FCMPC method. (b) Fixed-weight MPC method. (c) Observed
load torque. (d) Adaptive weighting coefficient.
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Fig. 17. Experimental steady-state results at 400 r/min and 2 N - m. (a)
Proposed FCMPC method. (b) Fixed-weight MPC method. (c) Observed load
torque. (d) Adaptive weighting coefficient.

2) Medium-Speed Steady-State Operation: Fig. 18(a) and
(b) shows the steady-state total torque and phase current wave-
forms of the proposed FCMPC and fixed-weight MPC methods
at 800 r/min and 2 N- m. The torque waveform under FCMPC
control is noticeably smoother, benefiting from the adaptive
weighting coefficient g; that dynamically adjusts with operat-
ing conditions. Fig. 18(c) and (d) depicts the corresponding
observed load torque and adaptive weighting coefficient, with
average values of 2.0032 N- m and 2.4990 x 10~3, respectively.

3) High-Speed Steady-State Operation: Fig. 19(a) and (b)
shows the steady-state total torque and phase current waveforms
of the proposed FCMPC and fixed-weight MPC methods at
1200 r/min. At this higher speed, the torque waveform of the
FCMPC is smoother, whereas the fixed-weight MPC exhibits
larger oscillations and higher ripple amplitude. Fig. 19(c) and (d)
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Fig. 18. Experimental steady-state results at 800 r/min and 2 N - m. (a)
Proposed FCMPC method. (b) Fixed-weight MPC method. (c) Observed load
torque. (d) Adaptive weighting coefficient.
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Fig. 19. Experimental steady-state results at 1200 r/min and 2 N - m. (a)
Proposed FCMPC method. (b) Fixed-weight MPC method. (c) Observed load
torque. (d) Adaptive weighting coefficient.

presents the corresponding observed load torque and adaptive
weighting coefficient, with average values of 2.0238 N- m and
1.7467 x 1073, respectively.

To further verify the general applicability of the pro-
posed method, steady-state experiments were conducted at low,
medium, and high speeds under a load torque of 1 N - m. For
quantitative analysis, Table VI summarizes the torque ripple and
efficiency results under different speed and load conditions. It
can be observed that the proposed FCMPC method achieves
lower torque ripple under all operating conditions, showing a
clear advantage over the fixed-weight MPC. Meanwhile, the
overall efficiencies of the two methods remain nearly the same,
indicating that the proposed method improves torque smooth-
ness without sacrificing system efficiency. The experimental
results demonstrate that the FCMPC provides more stable and
balanced steady-state control performance, exhibiting strong
adaptability to varying operating conditions and great potential
for high-performance SRM drive applications.
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Finally, to compare the computational burden of the two meth-
ods, the single-cycle execution time was measured using the
dSPACE turnaround module at a control frequency of 10 kHz.
Under the condition of 1200 r/min and 2 N - m, the average
execution times of the fixed-weight MPC and the proposed
FCMPC method were 29.3 us and 29.7 us, respectively, with
an increase of only 0.4 us, accounting for about 1.4% of one
sampling period. This result indicates that the computational
overhead introduced by the fuzzy weighting module is negligi-
ble, since the main computational burden of MPC arises from
the prediction and cost evaluation of candidate switching states,
which are identical in both methods.

V. CONCLUSION

This article proposes an FCMPC strategy aimed at reducing
torque ripple in SRMs and extending their application to high-
precision servo control. By integrating a load torque observer
with fuzzy logic, the proposed method enables real-time adjust-
ment of the weighting coefficients in the MPC cost function
according to operating conditions. Experimental evaluations
under various combinations of speeds and loads demonstrate that
the proposed FCMPC strategy outperforms conventional MPC
with fixed weighting coefficients in torque ripple suppression
and efficiency improvement, exhibiting excellent dynamic and
steady-state performance as well as strong adaptability under
different operating conditions. These findings confirm the su-
perior robustness and effectiveness of the proposed method
in achieving adaptive priority control and enhancing overall
SRM performance, providing a promising solution for high-
performance control under complex operating conditions.
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