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Cooperative Current Region Control Strategy With
Full Speed Range of the Flux-Torque Regulation
Hybrid Excitation Machine

Hongbo Qiu ™, Qimin Wu

Abstract—Due to the inherent characteristics of single-phase
(SP) excitation system, it is difficult for flux-torque regulation
hybrid excitation machine (FTRHEM) to balance efficiency and
torque performance. Therefore, a cooperative current region con-
trol strategy with full speed range is proposed in this article.
First, a dual d-g mathematical model for FTRHEM is established
by adopting virtual orthogonal vector to reveal the relationship
between flux and torque regulation in SP excitation system. Then,
based the speed and torque, the full speed range is divided into
constant torque region (modes I and II) and constant power region
(modes III and IV). In constant torque region, to improve the
efficiency, a maximum torque per ampere control of the armature
and excitation currents is designed by the Lagrange multiplier
method. In constant power region, considering the voltage capacity
of the inverter, an armature-excitation hybrid flux-weakening angle
control method is developed by analyzing the voltage and current
trajectory to balance efficiency and torque. Finally, the effective-
ness of the control strategy is verified by simulation and experiment.

Index Terms—Constant power region, constant torque region,
current region control, flux-torque regulation, maximum torque
per ampere (MTPA) control.

I. INTRODUCTION

ERMANENT magnet synchronous motor (PMSM) has the
P advantages of high efficiency, high torque density and high
dynamic performance [1], [2], [3], and has been widely used in
transportation, aerospace and other fields [4], [5]. However, due
to the inherent characteristics of permanent magnet (PM), the
air gap field of PMSM is difficult to regulate, the flux weakening
control performance is poor, and the constant power operating
range is narrow [6]. Hybrid excitation motor (HEM) not only
retains the advantages of PMSM, but also has the good flux
regulation ability of electric excitation motor [7], [8], [9], [10].
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Therefore, some experts and scholars have carried out in-depth
research on HEMs in motor topology and control strategy.

For the motor topology, according to the different excitation
sources, the HEMs can be divided into direct current (dc) HEMs
and alternating current (ac) HEMs. Literature [11] and [12]
introduce several typical dc-HEMs with simple structures, but
they decrease the ability of torque output in the flux weakening
process, operation efficiency and utilization rate of PM [13].
Different from dc-HEMs, Wang et al. [14] proposes a HEM
with an independent ac excitation port, which improves the
utilization rate of PM flux and end leakage flux by accurately
controlling the excitation current. A radial-axial brushless HEM
is proposed in [15] by using double-stator partition windings
and alternating-pole rotor, which lead flux regulation simple
and flexible. Compared with the HEMs with three-phase ac
excitation system mentioned in [14] and [15], the excitation
system of the flux-torque regulation hybrid excitation machine
(FTRHEM) studied in this article adopts single-phase (SP) ac
[16], [17], which is not only simpler in structure, but also can
realize simultaneous regulation of flux and output torque.

In terms of control strategy, compared with the traditional
PMSMs, the HEMs introduce excitation current as an additional
control variable, forming a dual-degree of freedom coordinated
control system with armature and excitation current that signifi-
cantly enhances control flexibility. Gu et al. [ 18] proposes a cur-
rent control strategy with auxiliary winding for an axial-parallel
HEM. The phase voltage amplitude suppression is achieved by
leveraging the coupling effect between auxiliary winding and
PM flux, thereby reducing both excitation and armature cur-
rent. However, this approach increases the complexity of drive
circuit topology due to the additional auxiliary winding. Pothi
et al. [19] establishes a coordinated control model for copper
loss minimization in hybrid excitation double salient machines,
while literature [20] develops an optimal control algorithm for
maximum torque per copper loss (MTPCL) in hybrid excitation
flux switching machines. Both studies of [19], [20] improve
energy efficiency through optimized allocation of armature and
excitation currents. Nevertheless, existing research primarily
focuses on dc-HEMs, with insufficient systematic investigation
into dynamic control strategies for ac-HEMs.

For ac-HEM drive systems, the control method becomes
inherently complex due to the requirement of dual inverters
in its topology configuration. In existing research, literature
[21] proposes a dc-biased maximum torque per ampere (MTPA)
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control strategy that employs polynomial fitting to model opti-
mal operating points derived from experimental data. However,
this approach neglects the nonlinear inductance characteristic
caused by magnetic saturation, compromising global optimality
under varying current ratio conditions. An MTPCL control
strategy based on flux coordination for ac-HEMs is developed
in literature [22]. This method develops the correlation between
inductance parameters and torque characteristics, achieving
optimal current selection through combinatorial enumeration.
Wang et al. [23] introduces a region control strategy that op-
timizes current parameters in partitioned operating regions to
ensure global optimization. Notably, these methods primarily
target three phase ac flux regulation HEM architectures and
demonstrate limited applicability to SP-ac flux regulation.

To achieve optimal control performance for HEMs, this article
proposes a full speed range current region control strategy for
an FTRHEM with SP-ac excitation system, and establishes a
mathematical model of FTRHEM based on virtual orthogonal
vectors. The main contributions of this article are summarized
as follows.

1) A high-precision mathematical model of the FTRHEM
is established by introducing virtual orthogonal vectors
combined with SP ac flux regulation principle.

2) Based on the characteristics of the developed mathemati-
cal model, a full speed range current region control strat-
egy is proposed to further enhance efficiency.

3) A three-dimensional current vector trajectory model is
constructed through systematic analysis of current-voltage
interactions in armature/excitation dual-winding systems,
which enhances visualization and operational feasibility
of the control process.

The rest of this article is arranged as follows. In Section II,
the topological structure of FTRHEM is introduced, and the
mechanism of ac flux regulation and additional torque due
to axial excitation generation is explained. In Section III, the
radial-axial dual d—g mathematical model of FTRHEM is es-
tablished. In Section IV, the full speed range of FTRHEM is
divided into four operation states, and the corresponding control
strategy is given in detail. Section V verifies the effectiveness
of the theoretical analysis and the proposed strategy through
simulation and experiment. Finally, Section VI concludes this
article.

II. TOPOLOGY AND OPERATING PRINCIPLE

A. Topological Structure and Principle of Magnetic
Modulation

The topology of FTRHEM is shown in Fig. 1. It includes a
radial PM component and an axial electric excitation component.
Similar to traditional PMSM, the radial PM part contains stator,
armature winding and rotor with PMs. The axial electric excita-
tion component fixed at the end cap consists of two sets of inner
ferromagnetic ring, outer ferromagnetic ring, and excitation
winding. Each inner ferromagnetic ring and outer ferromagnetic
ring contain five claw poles, which are alternate arrangements.
To match the claw pole, the PMs in rotor are adopted to tangential
arrangement, which can generate larger magnetic flux compared
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Fig. 1. Topology of FTRHEM.

(b)

Fig.2. Fluxregulation schematic diagram of FTRHEM. (a) Only PM. (b) Flux
enhancing. (¢) Flux weakening.

with radial arrangement. In addition, the armature winding and
the axial excitation winding are independent of each other and
can be controlled by two independent inverters respectively. Fur-
thermore, the structure realizes the parallel connection between
the radial PM flux loop and the axial PM flux loop, reducing the
risk of demagnetization of the PM in the process of axial flux
regulation.

Fig. 2 describes the principle of flux regulation. In Fig. 2(a),
the axial and radial air gap flux are only provided by the PMs
when the axial part is not working. The red dotted line and black
dotted line represent the axial PM path and radial PM path,
respectively. Otherwise, the air gap flux is provided by the PMs
and excitation current, and the blue dotted line is the excitation
path. As shown in Fig. 2(b), FTRHEM is in the state of flux
enhancing when the excitation flux is the same direction as radial
PM flux. Conversely, when the excitation flux is opposite to the
radial PM direction, as shown in Fig. 2(c), FTRHEM is in the
state of flux weakening.

B. Additional Torque Due to Axial Excitation

Similar to the operation principle of SP-PMSM [24], [25],
the additional torque due to axial excitation of FTRHEM is
generated by the interaction between the magnetic flux generated
by the axial excitation winding and the axial PM flux. When
the positive current is passed into the excitation winding, the S
pole and N pole magnetic fields are induced by the inner and
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Excitation winding

Fig. 3. Schematic diagram of additional torque due to axial excitation.
(a) Driving mode. (b) Braking mode.

outer ferromagnetic rings respectively, and the direction of the
additional torque generated is the same as that of the motor
rotation, which calls the driving mode, as shown in Fig. 3(a).
Conversely, the direction of the additional torque is opposite to
the direction of the motor rotation, which is called the braking
mode, as shown in Fig. 3(b).

III. MATHEMATICAL MODEL OF FTRHEM

Due to the FTRHEM excitation flux in excitation winding
flows into the radial part through the inner and outer ferro-
magnetic rings, it is the same as the flux generated by the PM,
and can be equivalent to an independent magnetomotive force,
so the self-inductance of the excitation winding is not affected
by the rotor position [26]. The regulating ability is affected by
the mutual inductance between the excitation winding and the
armature winding, and its expression is

May = Mgy cos (6.)
be = Msf COS (96 - 1200)
M.y = My cos (6, + 120°)

ey

where M ¢, Myy, and M. are the mutual inductance amplitude
between the excitation winding and the armature windings of A-,
B-, C-phase, and M, is the mutual inductance amplitude, 0. is
the electrical angle value of the rotor position.

The three-phase mathematical model of FTRHEM in the
stationary coordinate system and the coupling between armature
currents are complicated, which make it difficult to design the
control system. To solve this problem, the three-phase flux
linkage in the stationary coordinate system is transformed into
the d—g rotating coordinate system by coordinate transformation.
However, SP excitation current, due to the lack of a degree
of freedom, cannot be directly converted into the d—g rotating
coordinate system. In this article, the d—q rotating transformation
of SP is realized by constructing a virtual orthogonal variable
of excitation current through second-order general integrator
(SOG) [27], [28].

Assuming the static excitation current is

iq = I cos (0. + ). 2)
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Fig. 4. Properties of phase angle of excitation current.

In an ideal case, the virtual current for the coordinate trans-
formation would be

3

where I,,, and ¢ represent the amplitude and phase of the
excitation current, respectively.

Through the coordinate transformation matrix 75,5/4q, the
current component of the excitation current in the d—g coordinate

ig = I, sin (0 + )

system is
i) io| _ |Imcos(p)
quf] =Tap/dq LJ = [Im sin(go)} @
B COSs (96) sin (65)
Top/aq = {— sin (0.) cos (96)} . ©

The operational characteristics of the FTRHEM are system-
atically analyzed as a function of the excitation current phase
angle, as illustrated in Fig. 4. The FTRHEM exhibits distinct
operational modes within specific phase angle intervals

1) ¢ € (0,7/2): Enhance flux and torque simultaneously.

2) ¢ € (m/2,m): Enhance flux and weaken torque simultane-

ously.

3) ¢ € (m,37/2): Weaken flux and torque simultaneously.

4) ¢ € (31/2,2m): Weaken flux and enhance torque simul-

taneously.

Furthermore, a critical tradeoff between flux and torque reg-
ulation capabilities is observed: the flux regulation capability
attains its maximum value when the torque regulation capability
is minimized, and vice versa.

On the basis, the flux linkage equation of FTRHEM can be
established in dual d-g coordinate system as

) Lqg 0 My 0 id Ypr
g 0 Lq 0 0 1g 0

= . 6
wda 1.5Msf 0 Ldf 0 1df + Z[Jpa ( )
Vga 0 0 0 Lgr| |igr 0

where 104, 14, 1¥ar, and 14 srepresent the d-g axis flux linkage
of the radial and axial air gap respectively. 1),,,-and 1), represent
the radial and axial components of PM flux linkage, respectively.
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Fig. 5. Equivalent circuit model of FTRHEM.

Lg, Ly, Lgy, Lgy, t4, i, tqr and i,y respectively represent the
d—q axis inductance and current of the radial part and axial part.

Refer to (6), the voltage equation of FTRHEM can be obtained
as

u=P-i+Q-i+N (7)
R, —weLy 0 0 ]
where P — welg R, weMy 0 7
0 0 Rf —wequ
1 5weMsf 0 weLdf Rf 1
[ Lq 0 My 0 ug id |
B 0 L, 0 0 ~|ug . i
Q= 1.5Msr 0 Ly 0 w= Ugr |’ v tap |’
L 0 O 0 qu uqf qu_
0
N = wepr Ug, Ug, Ugr and u, ¢ represent the radial and
- 0 B d> q-» df qf p
_wewpa

axial d—q axis voltage, respectively; I2,., Ry, and w, represent the
resistance of the radial winding and axial coil and the electrical
angular velocity of the rotor, respectively.

Since the self-inductance of the excitation winding is not
affected by the rotor position, it follows that the d-axis induc-
tance is equal to the g-axis inductance, i.e., Lqf = Lqr. And the
electromagnetic torque equation of FTRHEM can be expressed
as

Te = % [(pr + Misgiar)iq + (La — Lq) idiq]
+P (1/Jpa + %J\/[sfid) gy

where 7 is the electromagnetic torque and P is the number of
pole pairs of the motor.

Refer to (7), the equivalent circuit model of FTRHEM is
illustrated in Fig. 5, which indicates that the radial part and the
axial part only have a coupling relationship on the d-axis, and
do not affect each other on the g-axis.

(®)

IV. CURRENT REGION CONTROL STRATEGY

It can be seen from the above model of flux linkage and torque
that the excitation current of FTRHEM can not only regulate the
flux, but also control the additional torque due to axial excitation
to change the torque output. Compared with traditional PMSM
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Fig. 6. Working region and operation modes of FTRHEM.

and dc HEM, FTRHEM has a larger working region, which is
given in Fig. 6. On the basis, the full speed range is divided into
the following four operation modes.

Mode I: 0~ny&0~Tys5||0~ng&0~Tx. When the motor
works within the rated speed range, the voltage capacity of
the inverter is sufficient, and only the current capacity needs
to be considered. For FTRHEM, in addition to the armature
current to provide the main torque output, the excitation current
can improve torque output performance through the additional
torque and the flux enhancing.

Mode II: ny~no&ITN~T2. When the high torque state
within the rated speed range, both the voltage capacity of the
inverter and the current capacity needs to be considered. With
the increase of speed, the d-axis component of excitation current
becomes smaller, until it decreases to 0.

Mode III: ny~ns. In the high-speed range, the voltage capac-
ity of the inverter has reached saturation. FTRHEM can weak air
gap flux by increasing d-axial component of the armature current
and excitation current to improve the speed. Furthermore, the
additional torque can improve torque output performance.

Mode 1V: na~n3. When FTRHEM works in the ultra-high-
speed range, the voltage capacity and current capacity of the
inverter in radial part are saturated. For the axial part, the excita-
tion current needs to further increase the d-axial component, and
the g-axial component will gradually decrease in the meantime,
until it decreases to 0.

According to the speed and load of FTRHEM, the current
region control strategy is shown in Fig. 7.

A. Constant Torque Control Strategy

The constant torque region (mode I and mode II) is the low-
speed range. In mode I, to minimize the amplitude of the current
vector required when the output torque is constant, and reduce
the operation loss, this article presents a new MTPA control
method for FTRHEM. Due to the light load, there is no need
to consider the current capacity, so constraint condition is the
torque equation, and the objective function is

min i + i, +ig +i5;- ©)

The Lagrange multiplier method is used to solve the equation,
and the Lagrange equation can be obtained by combining (8) and
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©)
Ly =ii 4 i3 +i% +ic;
+A {Te - % [(wpr + MSfidfg) Z'q +. (Ld - Lq) idiq]} (10)
_P (’l/]pa + EMSde) qu
where A is the Lagrange operator.
Take the partial derivative of each current in (10) and make

its partial derivative equal to zero to obtain the extreme point
under a certain torque, as shown

oL oL oL 0L OL

diq  0Oiy  Oigy  Oigy  OL

In mode II, the current capacity of inverter used in armature
part reaches saturation. At this time, if MTPA control is to be
adopted, the voltage capacity of inverter used in armature part

needs to be taken into account, and its constraint conditions are
updated as

T, = % [(wm’ + MSfidf) iq + (Ld - Lq) Z’diq]
+P (Ypa + 3 Miypia) iqr

0. (11)

12
iq g = 07 tim (12)
_ L
(Lqiq)2 + (Laiq + Mapigr + wa)Z < (“rTlem\)

According to (9) and (12), the Lagrange equation can be
obtained as

Ly =i i +igp + i3y
1 {Te - % [(¢pr + Msfidfg) iq + (Ld _ Lq) idiq]}
=P (Vpa + 5Mgia) iag (13)
2
+hK |:(Lqiq)2 + (Ldid + Mdfidf + z/JfT)z _ (M) :|

We

where 1) and « are the Lagrange operator.

Equation (13) can be solved by using the Kuhn—Tucker condi-
tion, and the optimal solution of excitation current under a certain
torque can be obtained. Combined with the optimal solution of
Mode I, the current vector trajectory of FTRHEM in the constant
torque region can be obtained, as shown in Fig. 8(a). The starting
point of the current trajectory is O, enters the Mode I, falls on
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Fig. 8. Armature space current trajectory. (a) Constant torque region.
(b) Constant power region.

the current limit circle at point A(i4_4,%,_4), at which time the
flux-weakening angle of the armature current is 6 4, and then runs
along the current limit circle to point B(i4 p,i, p), at which
time the motor runs in the mode II; and the flux-weakening angle
is 6 B-

For the SP excitation system, the relationship between excita-
tion voltage and excitation current can be obtained by combining

(6)

U = UR + UL + Uemt
. dif L
= Ryiy + Lfﬁ + we (Vpa + Mspig)sin (wet) . (14)

As indicated by (14), the magnitude of the back electromotive
force (EMF) varies with rotational speed, while the voltage
drops across the resistance and inductance of the excitation
winding are governed by the excitation current. As illustrated in
Fig. 9, the black dashed circle represents the excitation current
limit boundary, the blue dashed circle denotes the excitation
voltage limit boundary whose radius is primarily determined
by the dc-bus voltage, and the red solid circle indicates the
operational boundary of the inverter output voltage trajectory.
Since the resistive voltage drop aligns with the current vector
in phase, whereas the inductive voltage drop leads the current
vector by 90°, the combined loci of these voltage drops can be
geometrically represented within a unified circle. The diameter
of this synthesized circle is

T = M.

> s)

Fig. 9(a) illustrates the output voltage characteristics of the
excitation-side inverter during the constant torque operation
region of FTRHEM. Taking operating state of point A as a case
study, when the excitation current reaches its current limit under
MTPA condition, the phase angle of the excitation current vector

is determined as
)
(p = arctan (‘”c) .
vdf

The implementation of flux-weakening control through the
d-axis armature current component results in a measurable at-
tenuation of the back EMF in the excitation circuit. Furthermore,
given the relatively low rotational speed within the constant
torque region and the minimal phase angle variation of excitation
current during the O-A-B trajectory evolution, the linear path

(16)
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Fig.9. Inverter output voltage trajectory of excitation component. (a) Constant
torque region. (b) Constant power region.

indicated by the red arrow in Fig. 9(a) can be effectively ap-
proximated as the operational locus of excitation voltage vector
throughout the constant torque operating regime.

B. Constant Power Control Strategy

When the speed exceeds that of point B, the motor enters
the constant power region, namely mode III and mode IV. As
the back EMF of the FTRHEM increases proportionally with
speed, flux-weakening current becomes necessary to accommo-
date high-speed operation. In Mode III, to maximum the speed
range extension, the excitation current is mainly used for flux
weakening, and its torque increasing component is small.
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In order to make FTRHEM transition smoothly from the mode
II to mode III, the armature current flux-weakening angle 6 for
interval identification and current distribution control is adopted,
and the offset A# of flux-weakening angle is calculated using the
armature voltage feedback weak magnetic PI controller, whose
expression is as follows:

Af = (Kp i f) (ur_ﬁm —Ju + ug) Can

To make sufficiently use of the current capacity of the inverter
in radial part and take the principle of the shortest distance,
the two-dimensions (2D) current vector trajectory controlled for
mode IIT is shown in Fig. 8(b), where the starting point is the end
point B of MTPA control in the constant torque region, and the
end point is the starting point C(iq4 ¢4 ¢) of the deep weak
magnetic field of mode I'V.

When the speed is increasing, it will enter the mode III
from the operating point B, as shown in Fig. 8(b). Due to the
insufficient voltage capacity of the inverter in radial part, the
flux-weakening angle is updated to (65 + A6), and the current
expression of FTRHEM in the working area of Mode III is
determined by the new flux-weakening angle and the trajectory
coordinates of points B and C

I, maxsin(0p + A0)

iq

iq I, max cos(0p + A6)

iaf lgf_ A +m (AQ) (18)
iqf ii_lim - i?lf

where I, ,ax 1S the maximum current output of the inverter in
radial part, m = (idffC — idfig)/((gc — 95).

As illustrated in Fig. 9(b), when the FTRHEM operates in
the field-weakening region (trajectory segment B-C), the ex-
citation current has already reached saturation. Consequently,
flux and torque regulation can only be achieved through phase
angle adjustment. Taking operating state of point K in the field-
weakening region as an example: while the excitation current
magnitude remains identical to that at point A, the phase angle
shifts from @4to . Furthermore, the increased rotational
speed elevates both the back EMF and inductive voltage drop,
resulting in an expanded radius of the resistance-inductance
voltage drop circle. As rotational speed varies during the trajec-
tory segment B-C, this voltage drop circle undergoes rotational
transformation about the back EMF voltage point O as its pivotal
center.

With the further increase of speed, considering the influence
of excitation current, when the center of the radial voltage
limit elliptic cylinder is located in the current limit cylinder,
the motor is in a deep flux weakening state, that is, FTRHEM
operates in mode IV. In order to select the end point of the 2D
current trajectory in mode IV, this article adopts the minimum
excitation current as the goal to solve and calculate, and the
specific expression is as follows:

{mm igp + zgf. . . (19)
s.t. ’lﬁpr + Lgiqg + Mgyigr =0
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Fig. 10

3D current vector trajectory.

Refer to (14), the vector coordinates of point C, the start point
of the deep flux weakening, can be solved by constructing the
Lagrange function

~tpr Laf (L3 + M)

lq_c
igc | = 0 (20)
ldf © — e Mg/ (L§ + M§f>

In order to make the trajectory of the 2D current vector of
FTRHEM smoothly move from point C to point D, the MTPV
control based on igr = iqr_p is adopted, whose calculation
formula is as follows:

0T,
Oiqg

. ou,
0iq

oT, _ ou,.
Diqg  0Oig

=0 1)

where =\ (we Lyiy)* + (we (Ypr + Laia+ M, iag ) 2iar =
0.

By combining (8) and (21), the curve trajectory of MTPV can
be obtained as

(2Ld - Lq)(d’pa + MSfidffc)
2L4(Lg — Lq)

ia= —

VI Wy + Magiag o) +AL3(La — Ly)%i
2L4(Lg — Ly)

(22)

C. Current Trajectory

To comprehensively investigate the dynamic coupling mech-
anisms between the SP excitation system and armature wind-
ings, this article establishes a three-dimensional current trajec-
tory evolution model for armature-excitation currents in the
iq — iq — tqf orthogonal coordinate system, as illustrated in
Fig. 10, based on the FTRHEM full speed range operational
characteristic analysis framework.

In the constant torque region (trajectory segment O-A-B),
the excitation current exhibits continuous flux-torque enhanc-
ing behavior, with its phase angle magnitude increasing to the
rise in load torque. In the constant power region (trajectory
segment B-C-D), the phase angle magnitude of the excitation
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Fig. 11.  FTRHEM prototypes.
TABLE I
BASIC PARAMETERS OF FTRHEM PROTOTYPE
Parameters Value Parameters Value
Rated speed (1r/min) 250 Rated frequency (Hz) 12
Armature coil turns 175 Excitation coil turns 150
Motor length (mm) 160 Stator slots 12
Shaft diameter (mm) 40 Rotor pole number 10
Stator bore (mm) 140 Length of PM (mm) 40
Stator shaft length (mm) 50 Width of PM (mm) 5
Radial air gap (mm) 0.35 Axial air gap (mm) 0.5

Fig. 12.

FTRHEM experiment platform.

current is predominantly governed by speed. The evolution of
the phase angle reveals a progressive switching mechanism in the
excitation current, transitioning sequentially from a pure torque
enhancing domain to a hybrid flux weakening/torque enhancing
control domain, and ultimately entering a full flux weakening
operational state.

V. EXPERIMENT AND SIMULATION

In order to study the performance of FTRHEM and verify
the effectiveness of the proposed current region control strategy,
a 12 slots/10 poles FTRHEM prototype has been manufactured
for experimental verification. Fig. 11 is the FTRHEM prototype,
and some basic parameters of FTRHEM prototype are listed in
Table 1. The simulation is carried out in MATLAB/Simulink,
and the experiment is carried out on RTU-BOX205 Real-time
controller, as shown in Fig. 12.

The verification is divided into three parts.
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Fig.13.  A-,B-, C-phase and excitation currents of FTRHEM at different speed
of 6 N-m load. (a) 40 r/min. (b) 80 r/min. (c) 120 r/min. (d) 160 r/min.

1) Verify the correctness of the FTRHEM model.
2) Verity the effectiveness of the proposed MTPA control
strategy in the constant torque region.
3) Verify the effectiveness of the proposed flux weakening
control strategy in the constant power region.
The FTRHEM performs loading experiments by dragging
a motor connected to a power resistor and is connected to a
torque sensor. The RTU-BOX205 Real-time controller connects
the radial armature winding through a three-phase full-bridge
inverter and the axial excitation winding through a SP full-bridge
inverter. The speed and position information are obtained by the
incremental encoder.

A. Dual D-Q Mathematical Model Verification

The waveforms of the A-, B-, C-phase and excitation currents
of FTRHEM at different speed are given in Fig. 13. Under the
condition of 6 N-m load, the amplitudes of the A-, B-, C-phase
and excitation currents basically do not change, showing good
sinusoidal characteristics, and the electric frequency of the ar-
mature current is the same as that of the excitation current. In
addition, from the simulation and experimental results in [17], it
can be seen that with the change of the excitation current phase
angle, the flux regulation ability and torque regulation ability of
FTRHEM change periodically, and the torque regulation ability
is the smallest when the flux regulation ability is the largest.
The experimental results exhibit excellent agreement with the
established dual d—¢ coordinate system mathematical model,
thereby validating the accuracy and effectiveness of this model.

B. Effectiveness of Constant Torque Region Control Strategies

During experimental operations, the FTRHEM is designed
with a rated torque Ty = 10 N - m, a maximum torque 7o =
18 N - m, arated speed ng = 250 r/min and a maximum speed
ng = 400 r/min.
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Fig. 14.  Output torque of FTRHEM at 3, 6, and 9 N-m loads.
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Fig. 15. Change of FTRHEM armature and excitation currents using MTPA,
p = 0°, ¢ = 90°. (a) Armature current of FTRHEM at 200 r/min and 12 N-m.
(b) Excitation current of FTRHEM at 200 r/min and 12 N-m. (c¢) d—¢q current
of armature part of FTRHEM at 200 r/min. (d) Relationship between excitation
and armature currents of FTRHEM with the phase angle of excitation current at
12 N-m.

In the constant torque region I (Model I operation region),
experiments are conducted to evaluate the current characteristics
of the FTRIEM under an 6 N-m load at rotational speeds of 40
r/min, 80 r/min, 120 r/min, and 160 r/min, as shown in Fig. 13.
The results indicate that both armature current and excitation
current exhibit excellent sinusoidal waveforms when voltage and
current margins meet operational requirements.

Furthermore, under a speed of 120 r/min, the output torque
of the FTRHEM is measured at load conditions of 3, 6, and 9
N-m, as exhibited in Fig. 14. Experimental results demonstrate
that the average output torque consistently tracks the target load
values of 3, 6, and 9 N-m. However, the torque ripple will sightly
increase with escalating load magnitudes.

When the speed increased to 200 r/min and the torque is
elevated to 12 N-m, the system entered constant torque region
IT (mode II operation region). Comparative experiments are
performed using three control strategies: MTPA; ¢ = 0°; and
¢ = 90°, as illustrated in Fig. 15. The experimental data demon-
strates that the MTPA method reduces armature current by ap-
proximately 15% and excitation current by 20% compared to the
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Fig. 16. Change of armature current and excitation in mode III. (a) Proposed
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¢ = 0° strategy. Furthermore, relative to the ¢ = 90° method,
MTPA achieves reductions of 23% in armature current and 33%
in excitation current. Additionally, Fig. 15(a) and (d) reveals that
the FTRIEM exhibits significantly stronger torque regulation
ability than flux adjustment ability under these conditions.

C. Effectiveness of Constant Power Region Control Strategies

Based on mode II operation, the speed is increased to 300
r/min with the load reduced to 10 N-m, transitioning the system
into the constant power region I (mode III operation region).
To validate the contribution of excitation current to field-torque
coordination and the effectiveness of the proposed method in
flux-weakening regions, experiments are conducted to compare
the dynamic responses of armature d—q axis currents under three
control strategies: the proposed method, ¢ = 0°, andp = 90°,
with excitation current stepped from 0.5 A to 6 A, as shown
in Fig. 16. The results demonstrate that all strategies achieve
flux-torque coordination via excitation current. However, the
@ = 0° control exhibits significant g-axis current fluctuations,
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leading to aggravated torque ripples. While the ¢ = 90° control
reduces d—q current oscillations, its sensitivity to excitation
current deteriorates markedly. In contrast, the proposed method
maintains low current oscillations while preserving effective
responsiveness to excitation current variations, demonstrating
superior comprehensive performance.

On the basis of mode III, the speed increases to 380 r/min,
and the load reduces to 6 N-m. At this time, FTRHEM enters the
deep weak magnetic state of mode IV. In Fig. 17, the change of
speed and current for MTPV control. Due to the limitation of the
voltage and current capacity of the axial inverter, the amplitude
of the excitation current is 6 A, and it is basically used for weak
magnetic. The amplitude of the armature current is about 2.5 A,
and the main part is also used for flux weakening. As shown in
Fig. 17(c), the output torque ripple is approximately 2 N-m, and
the speed ripple is approximately 10 r/min, with both exhibiting
identical fluctuation frequencies.

VI. CONCLUSION

In this article, the current cooperative control mechanism of
FTRHEM in the constant torque and constant power regions
is analyzed. On this basis, a full speed current region control
strategy is proposed for SP-ac flux regulated FTRHEM. The
content is mainly reflected in the following aspects.

1) The accurate mathematical model of FTRHEM is suc-
cessfully established by constructing the virtual orthogo-
nal vector space through SOGI. Through the comparison
and analysis of the measured data of the simulation and
experimental platform, it is verified that the model has
good consistency in dynamic response characteristics and
steady-state accuracy.

2) In the constant torque range, under the proposed current
coordinated control strategy, the magnitudes of armature
and excitation currents are reduced by 15% and 20%,
respectively, compared to the ¢ = 0° control method.
Further reductions of 23% and 33% are achieved relative
to the ¢ = 90° control method.

3) In the constant power range, the 2D voltage vector con-
straint domain and the 3D current trajectory envelope
surface are innovatively constructed, so that FTRHEM can
realize the collaborative optimization of voltage utilization
and current in the working range.
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