Progress In Electromagnetics Research C, Vol. 163, 1-10, 2026

PIER C

(Received 16 September 2025, Accepted 20 November 2025, Scheduled 10 December 2025)

Multi-Mode Dual Five-Phase Hybrid Excitation Motor High
Efficiency Control Based on Gradient Descent

Yu Nan*, Ye Yuan, Zhenzhen Kong, Xiaozhou Yang, Dong Mu, and Fan Yang

Kaifeng Power Supply Company, State Grid Henan Electric Power Company, Kaifeng 475000, China

ABSTRACT: The multi-mode dual five-phase hybrid excitation (MM-DFHE) motor, owing to its unique dual-stator configuration, is
capable of operating in four distinct modes, offering exceptional operational flexibility. However, this flexibility introduces a control
challenge, particularly in Mode IV where the auxiliary stator acts as both an exciter and a torque producer. The additional current variables
in this mode lead to suboptimal current distribution, compromising efficiency and dynamic response. To address this, this paper proposes
a novel low-loss current optimization control strategy. The key contribution is a Gradient Descent (GD) based online optimization
algorithm that dynamically distributes the auxiliary excitation current, specifically tailored for the improved Mode IV operation. This
approach resolves the trade-oft between loss minimization and dynamic performance prevalent in conventional methods. Simulated and
experimental results demonstrate that the proposed strategy reduces total copper loss by up to 13% compared to conventional methods.

NOMENCLATURE

Wago(Wap) Main (auxiliary) drive stator winding dg-axis flux linkage

Laygo(Lag)  Main (auxiliary) drive stator winding dg-axis self-
inductance

i) Main (auxiliary) drive stator winding dg-axis current

Womo(Wpm)  Main (auxiliary) drive stator PM flux linkage

Y Equivalent air gap flux linkage of main drive stator

ugg(Uag)  Main (auxiliary) drive stator winding dg-axis voltage

Ry/Rg1 Main (auxiliary) drive stator phase resistance

k The coefficient of influence to the main drive stator air-gap
flux linkage during excitation of the auxiliary drive stator
winding

W, Electrical angular speed

P Pole pairs

A The Lagrange multiplier

T (T2) Main (auxiliary) drive output torque
Py Copper loss

1. INTRODUCTION

ermanent magnet synchronous motors (PMSMs) have be-
Pcome widely adopted in electric agricultural vehicles ow-
ing to their high power density and efficiency [1,2]. Mean-
while, agricultural vehicles face harsher operating conditions
than conventional electric vehicles. They experience large load
variations and frequent start-stop operations. However, con-
ventional PMSMs show limited performance in agricultural
applications, even with control algorithm optimizations. Due
to the limitations of its inherent single-stator winding struc-
ture under complex farming conditions, the system perfor-
mance becomes suboptimal [3]. Conversely, hybrid excita-
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tion permanent magnet synchronous motor (HEPMSM) pro-
vides an additional degree of freedom for flux linkage regu-
lation. This capability enables flux adjustment and expands
the high-efficiency operating region [4,5]. However, the ex-
citation winding introduces additional copper losses, impairing
motor performance. Therefore, subsequent research proposes
a dual-stator motor system [6,7]. The system achieves opti-
mal performance matching under varying operating conditions
through coordinated interaction between its unique inner and
outer stators. To combine the advantages of both HEPMSMs
and dual-stator systems, a multi-mode dual five-phase hybrid
excitation motor (MM-DFHEM) is proposed which has four
operating modes [8]. Mode I uses only the main drive stator
winding to produce torque. Mode II uses only the auxiliary
drive stator winding. Mode III uses both stators together for
dual-motor operation. Mode IV uses main drive g-axis current
and auxiliary d-axis current to control magnetic flux in hybrid
excitation operation. Because the motor has a complex design
with multiple modes, it needs different control methods for low-
speed constant-torque regions and high-speed constant-power
regions [9]. Therefore, engineers must develop special control
strategies to make this motor work most efficiently in all con-
ditions.

Currently, efficiency optimization control methods for
PMSM can be generally categorized into minimum flux
control [10], flux trajectory optimization [11], and minimum
copper loss (MCL) control [12, 13]. The principle of minimum
flux control is to reduce the stator flux amplitude to minimize
losses. Ref. [14] adjusts the flux in combination with voltage
limit constraints. However, this approach is only applicable
under light load [15]. The flux trajectory optimization method
balances copper losses by optimizing the dg-axis flux trajecto-
ries (e.g., circular or hexagonal) [16]. However, this method
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FIGURE 1. MM-DFHE motor topology and simplified model.

uses offline-computed optimal trajectories and online table
lookup, limiting dynamic performance [17]. Loss minimiza-
tion control, characterized by fast response, smooth operation,
and strong applicability, is widely used in the optimal control.

However, most of the aforementioned control strategies
are typically applied to conventional hybrid excitation ma-
chines [18]. The dual-stator motor studied in this paper features
a complex structure, where one stator serves as an auxiliary ex-
citation source. Unlike traditional PMSMs, this configuration
introduces additional current components, such as dual-port
excitation currents and their harmonics [19]. Consequently,
the aforementioned methods cannot be directly applied. This
limitation arises from the influence of flux linkage between
the primary and auxiliary drives, as well as the need for multi-
objective optimization. Recently, [20] proposed a copper
loss minimization method for dual three-phase permanent
magnet machines, such as dual-stator winding configurations.
Beyond the dual-stator windings, the MM-DFHE motor also
exhibits characteristics of hybrid excitation machines [21].
In [22], a minimum copper loss control algorithm was em-
ployed for the constant torque range to derive the relationship
between excitation current and torque. It utilizes positive
excitation current to enhance the motor’s load capacity while
minimizing copper losses. However, these strategies exhibit
significant limitations when being applied to the MM-DFHE
motor. Methods like [10-17] are designed for single-stator or
conventional hybrid excitation machines and fail to manage
the coordinated current distribution across the dual stators
inherent in Modes I-III. More critically, for the most versatile
yet complex Mode IV — where the auxiliary stator provides
excitation to the main stator while concurrently producing
torque — Refs. [20-22] lack a dedicated and effective online
optimization framework. The interplay between the main drive
g-axis current and auxiliary d-axis excitation current creates a
multi-variable optimization problem that offline table-lookup
or single-objective approaches cannot dynamically solve,
leading to inevitable efficiency loss and sluggish response.

To solve the above issues, this paper proposes a high-
efficiency control strategy for a multi-mode dual five-phase
hybrid excitation motor (MM-DFHE) optimized via gradient
descent. The optimal current is derived using the Lagrange
multiplier method to minimize copper losses. Furthermore,
this study introduces an improved approach for complex
Mode 1V, where the auxiliary drive excites the main drive

while producing torque. Based on this enhancement, the
gradient descent algorithm is employed to further optimize
current distribution to achieve higher efficiency and dynamic
smoothness. Finally, simulations and experiments validate the
effectiveness of the proposed control strategy.

2. STRUCTURE AND MATHEMATICAL MODEL OF
MM-DFHE MOTOR

2.1. Motor Topology and Simplified Model

The topology of the MM-DFHE motor is illustrated in Fig. 1.
The outer stator is a 5-phase 18-pole 20-slot concentrated wind-
ing, referred to as the main drive stator. The inner stator is a 5-
phase 18-pole 90-slot distributed winding, termed the auxiliary
drive/excitation stator. The rotor adopts a swallowtail struc-
ture, with the outer and inner auxiliary salient poles of the in-
termediate rotor employing unequal and asymmetrically offset
designs to suppress torque ripple in both the main and auxiliary
drive motors, thereby achieving comprehensive torque ripple
suppression across the entire motor.

The simplified motor model reveals that the permanent mag-
nets adopt a radial topology, with radial permanent magnets
sandwiched between rotor segments. Adjacent radial perma-
nent magnet modules have opposite magnetization directions,
achieving a flux-focusing effect that effectively enhances the
motor’s torque output capability. Additionally, since the two
sets of windings are separately placed in two stators, they ex-
hibit mutual independence. Through flexible control of the dg-
axis currents in the outer and inner stator windings, the motor
can achieve multiple operating modes.
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FIGURE 2. MM-DFHE motor flux distribution.
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The flux distribution of the MM-DFHE motor is shown in
Fig. 2, which contains three main flux paths. The main flux
(Flux 1) is produced by the combined action of the main drive
winding and permanent magnets, traveling across the outer air-
gap and linking with the outer stator winding to form a closed
path. The secondary flux (Flux 2) is formed by the interaction
between the auxiliary drive winding and permanent magnets,
traveling across the inner air-gap and linking with the inner sta-
tor winding to form a closed path. The excitation flux (Flux 3) is
generated by the joint armature reaction of both main and aux-
iliary drive windings. This flux is superposed on the permanent
magnet flux at the iron core pole, thereby enabling flexible ad-
justment of the intensity and orientation of the magnetic field in
both the inner and outer air-gaps. This multi-path flux distribu-
tion design enables flexible flux allocation through independent
control of the main and secondary magnetic circuits. The flux
paths remain independent while providing a structural basis for
motor performance optimization. Precise flux regulation can
be achieved by controlling the winding currents.

The MM-DFHE motor operates in four distinct working
modes as Table 1 shows. In Mode I, the main drive stator gen-
erates torque through g-axis current injection. Mode II employs
the auxiliary drive stator to produce torque independently via g-
axis current injection. Mode III enables both stators to output
torque together using g-axis currents. Mode IV extends Mode
III operation by adding d-axis current injection, activating the
magnetic field regulation function of the auxiliary drive. This
four-mode system achieves flexible control of the dual-stator
motor through various current injection combinations.

TABLE 1. Classification of operating modes.

Model Modell Modelll ModelV

Armature . 0 . .

. . 1q0 190 140
winding 1 a 1
Excitation . . .

.. 0 iq1 iq1 1d1
winding

2.2. Mathematical Model

Based on the above analysis, the flux equations of the MM-
DFHE motor in the d-q rotating reference frame can be ex-
pressed as:

a0 = Laoido + P yo
Yq0 = Lgoiqo
Va1 = Laiiqr + Ypmi1

Vg1 = Lgiiq

(M

where 1,40 and 14741 Tepresent dg-axes flux linkage of the
main drive stator winding and auxiliary driven stator winding
as subscripts, respectively; Lq/q0 and Lg/,1 represent dg-axes
self-inductance of main drive stator winding and auxiliary drive
stator winding, respectively, where Lqo = Lqo and Lg1 = Lq;
td/q0 and i4/41 Tepresent the dg-axes currents of the main drive
stator winding and auxiliary drive stator winding as subscript,
respectively; ¥y, is the auxiliary drive stator permanent mag-
net flux linkage; 1o is the equivalent air-gap flux linkage of

main drive stator, which consists of permanent magnet flux
linkage of main drive stator winding and regulating magnetic
flux linkage of auxiliary drive excitation winding. 1o can be
expressed as

Vo = Ypmo + kia1 ()
where 1,0 1s the permanent magnet flux linkage of the main
drive stator, and k is the coefficient of influence to the main
drive stator air-gap flux linkage during excitation of the auxil-
iary drive stator winding.

The voltage equation for DF-HEPMSM can be expressed as

Ugy = (Rso +8Ld0)id0 —wequiqo +skig —I-Swpmo
Ug0 =We Laoido+ (Rso+5Lg0)iq0 +wekiar +wetpmo
ug1 = (Rs1 + sLa1)ia1 — weLg1iq1 + SUpm1

g1 =weLariqr + (Rs1 + $Lg1)ig1 + Wepma

A3)

where u4/40 and uq, 41 represent dg-axes voltages of the main
drive stator winding and auxiliary drive stator winding as sub-
scripts, respectively; Ry and Ry are phase resistances of the
main drive stator and auxiliary drive stator, respectively; w, is
the electrical angular speed of the motor; s is a differential op-
erator.

The torque of the dual-stator motor system is provided by the
two stators. Since the torque equation for one stator matches
the equation for a conventional five-phase motor, the resultant
torque is

5 ) 5 . .
T, = ip(lqowdo —Gdo¥q0) + §p(lq11/1d1 —id1¥q1)

5 . . . )
= §P(Zq0¢do — 4400 + iq1¥a1 — id1¥q1) “)
Since the dg-axes inductances of the two sets of windings in
this motor are equal and constant, the torque equation can be
expressed as:

5 L ;
Te = 5p [(¥pmo + Kiar)iqo + Ypmriql] )

where p is the number of pole pairs of the motor. The above
equation indicates that the total electromagnetic torque is gener-
ated by the main drive stator winding and auxiliary drive stator
winding, respectively and an extra term in the auxiliary drive
stator winding excitation state.

3. MULTI-MODE CONTROL ANALYSIS OF MM-DFHE
MOTOR

The MM-DFHE motor operates in four distinct modes. Modes
I and II use only one set of armature windings for torque gen-
eration, functioning similarly to conventional five-phase per-
manent magnet motors. In contrast, Modes III and IV employ
both winding sets for simultaneous torque output, where cur-
rent and torque distributions directly affect copper losses. To
address this, the study develops an optimal torque distribution
strategy using Lagrange multipliers to achieve minimum cop-
per loss control. Furthermore, the efficiency characteristics of
all four operating modes are analyzed, establishing the motor’s
high-efficiency operational range.
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3.1. Minimum Copper Loss Control

The Lagrange multiplier method solves optimization problems
with constraints. This method forms the core of the minimum
copper loss control algorithm. It introduces a multiplier A to
combine the objective function and constraints into new equa-
tions. The final solution set optimizes the objective function
under given constraints.

This study uses the torque equation (5) as the constraint and
copper loss equation (6) as the objective function. Based on
these constraints and objective function, the Lagrange equa-
tion (7) for minimum copper loss optimization is derived

5 . . 5 . .
Py = §Rs0(zfio + Z20) + §Rs1(131 + 131) (6)

. 5 . . 5 . .
L(ido,ig0,9d1,0q1) = §Rs0(lﬁo +igo) + 5351(231 +ig)

T = 5 Gmo + kiaYion + Bpmiial | )

In Equation (7), A represents the Lagrange multiplier. Partial
derivatives of Equation (7) are taken with respect to 49, 740, %d1,
141, and A, then set equal to O to get the resulting.

3.2. Improved Mode IV Based on Gradient Descent

The previous section analyzes the current distribution for mini-
mum copper loss in each operating mode. Mode III involves si-
multaneous torque output from both main and auxiliary drives,
while Mode IV combines main drive torque production with
auxiliary drive excitation. By solving the simultaneous torque
equation (5) and copper loss equation (6) through the Lagrange
function, the current distribution relationships for these two
modes are obtained:

. Rsl 7/)me .

= . . 8
40 RsO 1Z)pml tal ( )
. wme RsO ) IZJmO
T T T T ©)

Substituting Equation (9) into the torque equation yields:

tqo = 0
iq1 =0
_— 4R, T? (10)
0 = Ro(5kp)?i%y +10 Rar phpmoTe
4kRs T2

tdl = R G2 (pmotkiar)®

By flexibly controlling d- and g¢-axis currents, the motor
can be configured into several distinct operational modes, the
torque equations for which are summarized in Table 2.

Equation (10) reveals the complex relationship between
torque and currents ¢,0 and %4; in Mode IV. These current
variables are substituted into the copper loss expression. Data
fitting then produces the specific torque relationship displayed
in Fig. 3.

TABLE 2. Classification of operating modes.

Mode Torque Equation
Mode 1 Te = 2-5p¢pm0iq0
Mode 11 Te = 2-5pwpm1iq1

Mode 111 Te = 2.5p (Vpmoiqo + Vpm1iq1)
Mode IV T. = 2.5p [(¥pmo + kia1)iqo + Ypmiiqi]

800

Copper loss/W

35

Torque/Nm

FIGURE 3. Torque-copper loss characteristics under different operating
modes.

Figure 3 shows that Mode III achieves the minimum cop-
per loss under rated motor conditions. Considering only cop-
per loss without efficiency, Mode III becomes the sole candi-
date. To demonstrate operational flexibility in copper loss per-
formance, this study improves Mode IV by optimizing current
distribution while maintaining the auxiliary drive’s excitation
function for the main drive.

The improved Mode IV introduces an additional current
component for allocation, requiring distribution of three current
components. Using the Lagrange multiplier method for this cal-
culation would significantly increase computational complex-
ity. Moreover, achieving fast motor performance requires of-
fline computation of the resulting currents, which further in-
creases workload. Therefore, this approach combines the gradi-
ent descent method with torque equivalence between time steps
k and k + 1. The current gradient operator V relates to the cur-
rents at time step k£ + 1 as follows:

(11)

V(i) = (5Rs0iq0, 5Rs1%d1, SRs11q1)
F T =ik + aV(i*)

Here, o represents the gradient descent step size. This yields
the current expressions at time step k£ + 1:

k+1 _ ok ik
g0 = g0 — DaRsoigy
k+l _ ok k
ikl =4k — baRik, (12)
k1l _ ke ik
zqa' =g — DaRs1ig,
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The torque expressions for Mode IV at time steps k and k+ 1
are:

. 5 P )
T;F = oP [(Ypmo + 1“131)120 + 1/’pmll§1]

13)
X 5 . . .
T = 2 [Wymo + bilT S + st
The iterative formula in Equation (11) demonstrates:
5 e
T:4k — :4k:+1 = T;f + 2p{ — 5aR50[¢pm0 + kz’jl]zgo
—5akRailin, + 520’k Reo Reyily il
—5a1/)pm1R31i§1} (14)

When the iteration period is sufficiently small, the torque at
time k approximately equals the torque at time k£ + 1. Setting
the latter part of Equation (14) to yields i41 at time k

Z.k _ wmeRSOi];o + wpmleli]qcl
M [k(5aRs R — Reo — Ra1)] ik,

(15)

The torque provided by the auxiliary drive excitation is ob-
tained by substituting the expression for i4; into the torque
equation (13):

*k
Te4

§p oo o1k + Ym0 Rsoifio+pm1 Re1ify
2 pmita0 el 5OéR30R51 _RSO _Rsl
5 l/}meRSOilgo + wpmleliI;l

=7k 4+ °
e * 2p 5aR50Rsl - RSO - Rsl

(16)

To ensure the stability and convergence of the online gra-
dient descent algorithm, careful consideration is given to the
selection of the step size o and stopping criterion. The step
size is chosen based on the Lipschitz constant L of the gradi-
ent of the cost function (copper loss) to satisfy the condition
0 < a < 2/L, which guarantees a decrease in the objective
function at each iteration. For the MM-DFHE motor model
studied here, the value & = 0.05 was found to satisfy this con-
dition across the expected operating range and was used in both
simulations and experiments.

The convergence of the algorithm for each control update is
determined by checking the norm of the current vector change,
Ai = i1 — ig. The iteration stops when ||Aé|| < &, where €
is a small positive tolerance (¢ = 0.001 A is used in this work).
This ensures that the solution is sufficiently close to the local
optimum within one control cycle. The stability of the opti-
mization process is inherently guaranteed by the convexity of
the copper loss function with respect to the currents ¢49 and 41
in the feasible operating region, ensuring that the gradient de-
scent converges to the global minimum loss point.

4. SIMULATION VERIFICATION

In the simulation, the initial excitation current 74; for Mode IV
was set to —5 A. This value was determined as an empirical
starting point through preliminary Lagrangian optimization and
simulation sweeps, conducted under the constraints of ensuring
magnetic circuit non-saturation, adhering to current limits, and
meeting the output torque requirements. In the improved Mode
IV control strategy, this value serves as the initial starting point
for the gradient descent algorithm, which is used to perform
online dynamic optimization of the current distribution, thereby
achieving lower copper loss and faster dynamic response.

To verify the feasibility of the control theory in Section 3, this
study develops a MATLAB/Simulink simulation model for cur-
rent (torque) distribution control under minimum copper loss
constraints. The motor parameters used in the simulation are
listed in Table 3.

TABLE 3. Parameters of the MM-DFHE.

Main drive Values Auxiliary drive Values
parameters parameters
Pno/kW 1.5 Pn1/kW 1.0
Ino/A 10 Ini/A 10
Rso/Q2 1.47 R:1/Q 0.69
Upmo/ W 0.088 Upmi/ W 0.031
Lao(Lqo)/H 0.0345 Lag1(Lg1)/H 0.003

Excitation coefficient/k —0.003
Rated Torque/Nm 30.5

Number of pair poles/p 9
Rated speed/rpm 600

The control system block diagram appears in Fig. 4. The
variable M selects the operating mode among the four avail-
able options. Table 4 gives the relationship between the current
distribution for each mode and the total current output from the
speed loop PI regulator. The design requires two separate drive
circuits because the motor has dual stator windings with iso-
lated neutral points current distribution of improved modes.

ido_ref id0_back
I50 ref 140 back
q0_ref q0_

DF-HE space vector -

iag_rer

! decoupled PI module | {4/
Yql_ref 41_back
MCL current Gradient descent l l
distribution current distribution, THL. T
[CPWM] {CPWM]

M4 l

o

FIGURE 4. Control system block diagram.

The simulation first verifies the mathematical model of the
motor. The analysis then calculates the current distribution for
minimum copper loss in each operating mode. A comparison
follows between the optimal currents from the minimum cop-
per loss algorithm and traditional Maximum Torque Per Am-
pere (MTPA) strategy under Mode I conditions, confirming the
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TABLE 4. Current distribution of improved modes.
Model I Model 11 Model 111 Model IV
Main 130 = 0 130 = 0 iq0 = 0 ig0 =0
drive qu = Ilotal 7:dO =0 qu - Itotal - 7:ql qu - Itolal - iql
auxiliary  iq1 =0 ig1 =0 ig1 =0 ta1 = —5A
drive 7:dl =0 7:ql = Itotal iql = Itotal - qu iql = [tatal - qu
(8 =0 - (b) 20 -
— — <
§ 157 —E g 151 *zc — b
4 — - ] of C
2 10 —D 3 4 d
g I S % 10 i o
< 5
2 N "" ”W " 4'!"0""?""l'&'l't’t’t"’i'ﬂ'"l'!’l'!;'"\"’"’t’ \'i!;t"l'i"". ' ’W' “"' il 2 {lim t'v "l 1'! I v'v I t‘t i 9'1 T l'l t.a v" i v‘n u‘ i "n
= B
= " ‘w u'&‘u‘t‘am mmu‘t't‘lsi“l“t‘l‘s‘l'«'u.n A 'u't“m t‘t it ’ 2 ) ‘ ' ' ‘ ‘ ‘ I ‘
T ” g uunnnnunuuuunnnuuutuz uun
S = L
LV 2]
0.00 0I 05 0I 10 ol, 15 0I 20 oI 25 0.30 0. 00 0. 05 0.10 0.15 0. 20 0.25 0. 3C
Time (s) Time(s)
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© = 6007
£ 500]
< 4001
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2007
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4, T T T T T
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T 25] — I
Z 207 Teo
qj’ 15__ Ter
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FIGURE 5. Validation of the MM-DFHE motor mathematical model. (a) Main drive phase current. (b) Auxiliary drive phase current. (c) Speed and

torque.

algorithm effectiveness. The verification concludes with dy-
namic performance tests of the improved Mode IV using the
gradient descent algorithm.

Figure 5 shows the phase current waveforms of both main
and auxiliary drives, along with speed and torque output wave-
forms. The motor operates under given conditions of 600 rpm
speed and 9 Nm load. The labels T, T¢o, and T, represent to-
tal output torque, main stator winding torque, and auxiliary sta-
tor winding torque respectively. The waveforms demonstrate
coordinated operation characteristics of the dual-winding sys-
tem. Simulation data indicate that the total output torque 7,
maintains precise 9 Nm load demand. The main drive con-
tributes T,p = 6.662 Nm while the auxiliary drive provides
T.1 = 2.338Nm, achieving a 2.85:1 torque distribution ra-
tio. For current components, both windings share equal ¢-
axis currents (1,0 = 741 = 3.364 A) with zero d-axis currents
(90 = iq1 = 0), consistent with Mode III parameter settings.
The stable phase current output and corresponding torque track-

ing validate the correctness of the mathematical model imple-
mentation.

Figure 6 presents the simulation results of dg-axis currents
for Modes I to IV. The labels ¢4, %40, 41, and 4,4, denote the
dg-axis currents of the main and auxiliary stator windings. The
simulation tests the motor under 400 rpm speed and 6 Nm load.
In Fig. 6(a), i,0 measures 3.03 A while 749, 741, and iq; re-
main 0 A, matching Mode I requirements. Fig. 6(b) shows 441
at 8.6 A with 449, 741, and 440 at 0 A. Fig. 6(c) demonstrates
iq0 and i4; both at 2.75A, ig0 = ig1 = 0 A, confirming com-
bined output from both windings. Fig. 6(d) reveals i49 and i1
at 2 A, ig0 at 0 A, and 747 at —5 A, where the excitation cur-
rent ¢4; modifies the main air-gap magnetic field. Compared to
Fig. 6(c), the g-axis currents decrease by 0.75 A, highlighting
differences from Mode III.

Figure 7 compares the copper losses between the minimum
copper loss control algorithm and the traditional MTPA algo-
rithm in Mode I at 400 rpm with 15 Nm load. The auxiliary
drive does not participate in output, so P.,; = 0. Under this
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FIGURE 6. Distribution of dg-axis current in each mode.
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FIGURE 7. Copper consumption simulation comparison. (a) Minimum copper loss control. (b) Traditional MTPA algorithm.

Gradient descent algorithm
r-
| |
) |

MTPA

s L
= |

FIGURE 8. Local magnification of d-axis current.

condition, the proposed minimum copper loss control reduces
the total copper loss to 210 W, achieving a significant reduc-
tion of 23.6% compared to the 275 W produced by the tradi-
tional MTPA method. This result verifies the effectiveness of
the MCL control strategy.

Figure 8 compares the d-axis current waveforms between the
gradient descent method and traditional MTPA algorithm in a

Encoder signal

FIGURE 9. Control system experimental platform.

magnified view. The comparison reveals significantly reduced
current ripple in the gradient descent approach while maintain-
ing identical current trends. This improvement enables optimal
solutions for both local and global conditions, ensuring faster
motor response and better dynamic performance. These results
confirm the effectiveness of the proposed method.
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5. EXPERIMENTAL VERIFICATION

To further verify the theoretical and simulation results, Fig. 9
shows the experimental platform. The key hardware com-
ponents and their specifications are summarized in Table 5.
The magnetic powder brake provides motor load. The cur-
rent sensors operate at 10 kHz sampling frequency and the in-
verter switches at 10kHz. The torque sensor model T8-20-
B4A/20 Nm measures motor output. The RT-BOX 204 drive
system features modular design, where each module contains
inverter circuits and sampling circuits. These modules convert
Pulse Width Modulation (PWM) signals to AC signals to drive
the motor.
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FIGURE 10. MM-DFHE motor current experiment waveforms.

TABLE 5. Experimental platform key parameters.

Category Value/Specification
Digital Controller RTU-Box205
PWM Sampling Frequency 10kHz
Motor Type MM-DFPM
Torque Sensor T8-20-B4A(20 Nm)
Inverter RTM-PEH8035IF (10)
Encoder Photoelectric Encoder

Figure 10 displays the experimental waveforms of the MM-
DFHE motor. The results show non-zero values for both the
main drive g-axis current i49 and auxiliary drive g-axis current
141. These measurements confirm simultaneous torque produc-
tion from both drives. The current distribution follows the min-
imum copper loss principle, which verifies the correctness of
the current allocation algorithm.

Figure 11 demonstrates the dynamic performance during
torque transients in the improved Mode IV, representing the
most complex scenario. The experiment operates the motor at
100 rpm while increasing the load from 4.17 Nm to 7.42 Nm.
The phase current of the main drive stator winding exhibits a
much faster response, stabilizing in 0.6 s compared to the 2.2 s
required for the auxiliary drive winding. The results show both
stator windings maintain highly sinusoidal phase current wave-
forms after torque stabilization, indicating excellent dynamic
stability. Fig. 12 reveals that the motor output torque closely
tracks the load command with a response time of merely 0.5
seconds, validating its superior dynamic performance.

Figure 13 shows the nonlinear experimental fitting curve
for MCL control. The motor torque output exhibits multi-
value characteristics, making the analytical solution represent
a functional relationship of electromagnetic torque 7. To op-
timize real-time computation efficiency, the method combines
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FIGURE 11. Steady-state current before and after torque transients.
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FIGURE 12. dg-axis currents during torque transients.

offline calculation with curve fitting. Numerical analysis tools
first solve optimal solutions under different torque conditions.
High-order polynomials then perform parametric fitting. The
control algorithm directly embeds the fitted analytical expres-
sions, reducing computational load and saving memory re-
sources. The fitting equations for all four current variables in
the figure achieve determination coefficients (R?) exceeding
0.99. These results confirm that the nonlinear regression model
delivers excellent fitting accuracy and engineering applicabil-
ity, with successful fitting outcomes.

Figure 14 compares motor performance under Mode I11 oper-
ation at 100 rpm with step-load increasing from 1 Nm to 20 Nm.
Fig. 14(a) and Fig. 14(b) display differences between conven-
tional maximum torque per ampere (MTPA) and the proposed
minimum copper loss algorithm in main stator current and
copper loss. Experimental measurements show that the min-
imum copper loss algorithm achieves 205.91 W total loss, sig-
nificantly lower than the 260.95 W from conventional MTPA.
The copper loss difference between methods follows quadratic
growth with increasing load, demonstrating the superiority of
the proposed current distribution strategy. These results prove
the new algorithm delivers better energy efficiency than MTPA
across the tested load range.

Figure 15 compares the copper losses between the improved
Mode IV with gradient descent optimization and the original
Mode IV under different loads. The results show that the im-
proved Mode IV consistently achieves lower copper losses than
the original version when using the same step size . This per-
formance difference validates the correctness of the proposed
algorithm.
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6. CONCLUSIONS

In this article, an MM-DFHE motor was proposed to meet agri-
cultural vehicles with complex operational requirements. To
fully utilize the performances of this new type of motor, an
optimal control strategy was proposed. First, the method es-
tablishes a mathematical model of the DF-HEPMSM. Second,
the motor operation is divided into four modes to address di-
verse working conditions. Thereafter, the Lagrange multiplier
method calculates optimal currents to minimize copper losses.
For complex Mode IV, the approach implements gradient de-
scent optimization. Compared to the original Mode IV strat-
egy, the proposed method reduces copper losses by up to 17%;
Finally, experimental confirmed its effectiveness: 1) The solu-
tion maintains fast dynamic response despite increased current
variables. 2) The motor achieves higher efficiency with lower
losses.
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