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Abstract—The reluctance machine with DC field coils in stator, 

is an emerging brushless candidate for in-wheel direct drive for its 

wide speed range and robust mechanical structure, while it suffers 

from relatively low torque density and efficiency, due to the poor 

excitation ability of DC field coils and worse extra DC saturation 

effect in stator core. To address this issue, a new hybrid reluctance 

machine is proposed in this paper, in which an integrated dual-

layer PM source is introduced into stator slots, aiming to relieve 

DC saturation and meanwhile evoke flux modulation effect. In this 

way, the stator core utilization factor can be boosted due to DC 

saturation elimination by inner-layer slot PMs. On the other side, 

extra PM torque is generated by flux modulation effect of outer-

layer slot PMs. Hence, with synthetic assistance from dual-layer 

slot PMs, the torque density is improved distinctly especially under 

relatively high current density. Besides, slot PMs share a parallel 

magnetic circuit with DC field coils, which enables a bidirectional 

DC magnetization control for speed range extension. In this paper, 

the proposed new topology is fully evaluated by both finite element 

analysis and prototype experiments. 

 
Index Terms—DC saturation, flux modulation, magnetic field 

regulation, synthetic slot PMs, torque density. 

I. INTRODUCTION 

For modern electric vehicles (EV), using in-wheel machines 
to provide propulsion power has been regarded as one important 
trend, since it owns significant vehicle-level advantages such as 
improved dynamics index, enlarged inner space by elimination 
of mechanical transmission device, and higher efficiency of the 
whole drive system [1-5]. There are two typical configurations 
of in-wheel machines. One candidate is combing a high-speed 
machine and reduction gearbox, but it suffers from mechanical 
loss. The other is using a low-speed direct-drive machine. 

The traditional permanent magnet (PM) machines, including 
interior PM machine (IPM) and surface-mounted PM machine 
(SPM), have been well explored for EV applications. IPM owns 
high torque density and wide speed range, but it has large torque 
ripple ratio due to non-sinusoidal magnetic field [6-7]. SPM can 
obtain good torque density and low torque ripple, while its flux 
weakening ability is poor due to zero magnetic saliency [8-9]. 
In the recent years, with a limited supply and price fluctuation 
of rare-earth PMs, the cost of traditional PM machines shows a 
distinct growth. Thus, developing high-performance reluctance 
machines has attracted more attention in literature [10-12]. 

Switched reluctance machine (SRM) is a potential non-PM 
solution [13]. SRM owns a robust and fault-tolerant structure, 
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while the torque density of SRM is poor than that of traditional 
PM machines, since the cores of SRM can only operate in the 
first quadrant of BH curve. Some design techniques featured by 
slot PMs have been proposed to extend core BH working range 
in SRM and thus boost torque density [14-16]. Meanwhile, the 
torque ripple in SRM is severe due to its half-cycle-conducting 
operation principle, which is the most critical issue of SRM that 
limits its practical application [17].  

Doubly salient machine with DC field coils in stator, namely 
DC-DSM, is an emerging non-PM solution in the recent years. 
At the early stage, DC-DSM uses distributed DC field coils and 
its feasible slot pole combination is similar with those for SRM. 
With DC field coils, alternating excitation flux is established in 
DC-DSM [18], which enables it to operate in a whole electrical 
period. However, its torque ripple ratio is still unacceptable due 
to rich flux harmonics [19]. To address this issue, variable flux 
reluctance machine (VFRM) is proposed [20], which employs 
concentrated DC field coils uniformly wounded on stator teeth. 
With this change of DC coil layout, the excitation field becomes 
symmetrical along the air gap circumference and thus more slot 
pole combinations are allowed in VFRM than that in DC-DSM. 
Especially, some new slot pole combinations equipped with odd 
rotor pole pairs are developed, in which all the even-order flux 
harmonics are cancelled by electromagnetic complementation. 
Therefore, compared to DS-DSM and SRM, VFRM can obtain 
smoother torque when driven by sinusoidal current [21]. 

However, the torque density of VFRM is still not comparable 
to that of traditional PM machines. On one hand, the excitation 
ability of DC field coils is poor than that of rare-earth PMs, as 
it is difficult to generate high magnetomotive force within fixed 
slot space and thermal limit. On the other hand, DC field coils 
generates DC magnetization component in stator teeth and yoke, 
which cannot be utilized for electromagnetic energy conversion. 
And worse, it increases hysteresis loss and makes the stator core 
easily saturated [22]. In [23], it is proved, combing consequent-
pole slot PMs with DC field coils can improve excitation ability 
and torque density, benefiting from the magnetic gearing effect. 
The issue of this solution is not considering stator DC saturation. 
In [24-26], constructing an opposite PM magnetic bias has been 
proved as an effective technology to relieve DC saturation and 
boost torque density under high current density. However, little 
PM torque can be generated by this PM magnetic bias. 

This paper proposes a synthetic method to improve excitation 
ability and relieve DC saturation, simultaneously, and hence to 
boost torque density of reluctance machines with DC field coils. 
Especially, a new topology is proposed, namely flux-modulated 
relieving-DC-saturation hybrid reluctance machine, featured by 
dual-layer synthetic slot PM excitation. This paper is organized 
as follows. In Section II, the machine configuration and design 
principle are introduced in detail. In Section III, the slot pole 
combinations and the determination of dual-layer slot PM usage 
are illustrated. In Section IV, the electromagnetic performance 
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of this new topology is evaluated by finite element analysis. In 
Section V, a prototype is built, and experiments are conducted. 
Finally, some conclusions are drawn in Section VI. 
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Fig. 1. Structure of the proposed FM-RDCS-HRM. 
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Fig. 2. Winding connections. (a) DC field winding. (b) AC armature winding. 
 

 

Fig. 3. Magnetization mode for dual-layer slot PMs. 

II. THE PROPOSED MACHINE 

A. Machine Configuration 

Fig.1 presents the structure of the proposed topology that can 
be referred as flux-modulated relieving-DC-saturation hybrid 
reluctance machine (FM-RDCS-HRM). The proposed machine 
adopts an out-rotor mechanical structure to obtain larger air gap 
radius and thus higher torque density for in-wheel direct drive. 
It consists of a 24-slot stator and a 22-pole-pair rotor. All the 
excitation components are placed in stator slots, while the rotor 
consists of iron core only. Two sets of concentrated windings 
are wound, namely DC field winding and AC armature winding, 
respectively. Their detailed connections are presented in Fig. 2. 
The DC and AC hybrid excitation contributes to the reluctance 
torque generation in the proposed FM-RDCS-HRM. However, 
compared to PMs, using DC field winding is difficult to achieve 
high magnetomotive force within a fixed slot space and thermal 
limit. And worse, it brings DC saturation in stator core, thus the 
excited torque by DC field winding is relatively weak. To solve 
this problem, a dual-layer slot PM excitation is introduced. The 
magnetization directions of dual-layer slot PMs are illustrated 
in Fig. 3. The inner-layer slot PMs are tangentially magnetized 
in alternate directions, aiming to create a constant PM flux bias 
to relieve DC saturation in stator core. The outer-layer slot PMs 
are all magnetized in the same radially outward direction, which 
can cooperate with adjacent stator teeth and function as a multi-
pole PM source to produce flux modulation effect. 

   
 (a)                                                           (b) 

Fig. 4. Structure separation for slot PMs based on electromagnetic interaction. 
(a) For inner-layer slot PMs. (b) For outer-layer slot PMs. 

 

The advantages of the proposed machine are listed as 
(1) The rotor consists of iron core only, which provides a better 
mechanical robustness compared to rotor-excited counterparts. 
(2) The single-layer concentrated winding design brings benefit 
of eliminated layer isolation, higher slot space factor, shortened 
winding ends and reduced copper loss. 
(3) The inner-layer slot PMs eliminate the DC saturation effect 
in stator and thus the core utilization factor is boosted. Besides, 
the outer-layer slot PMs produce extra PM torque based on flux 
modulation effect. Therefore, the torque density of the proposed 
topology can be improved significantly, compared to that in the 
traditional non-PM reluctance machines. 
(4) The bidirectional controllability of DC field terminal gives 
an extra magnetization control variable during flux weakening, 
which can cooperate with vector control to realize optimal flux 
weakening operation and extended torque speed range. 
(5) With PM arranged in stator slots, the PM magnetic circuit is 
in parallel with the armature magnetic circuit. Therefore, there 
is little demagnetization risk for slot PMs. 

B. Structure Separation for Dual-Layer Slot PMs 

To explain the operation principle of the proposed topology, 
the dual-layer slot PMs are separated in two different structures 
as illustrated in Fig. 4. One is a stator-DC-excited reluctance 
machine equipped with relieving-DC-saturation effect provided 
by the inner-layer slot PMs, as described in Fig. 4(a). The other 
is a slot-PM-excited reluctance machine as shown in Fig. 4(b), 
which operates based on the flux modulation effect excited by 
the outer-layer slot PMs. For a simplified analysis, the coupling 
effect between the dual-layer slot PMs is ignored at unsaturated 
status, and hence the influence of each-layer slot PMs on torque 
generation can be individually analyzed as follows. 

C. Relieving-DC-Saturation Effect of Inner-layer Slot PMs 

Fig. 5 presents the schematic flux distribution excited by DC 
field coils and inner-layer slot PMs with rotor position changing. 
As illustrated in Fig. 5(a), when the rotor salient pole is aligned 
with the wounded stator tooth, the loop reluctance for DC field 
excitation is minimized. Therefore, the flux linkage excited by 
DC field excitation reaches the maximum value. After the rotor 
rotates 1/2 pole-pitch and the wounded stator tooth instead faces 
the rotor slot as shown in Fig. 5(b). The loop reluctance for DC 
field excitation is maximized and thus the excited flux linkage 
reaches the minimum value. Therefore, as presented in Fig. 6(a), 
with the rotor rotation, alternating flux linkage and back EMF 
can be established for reluctance torque generation. 

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on May 29,2020 at 07:56:57 UTC from IEEE Xplore.  Restrictions apply. 



0278-0046 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2020.2996140, IEEE

Transactions on Industrial Electronics

PM


DC


 
(a) 

PM


DC


 
(b) 

Fig. 5. Schematic flux distribution excited by DC coils and inner-layer slot PMs. 
(a) Position a, maximum flux linkage. (a) Position b, minimum flux linkage. 
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Fig. 6.  Schematic flux linkage and back EMF. (a) Without inner-layer slot PMs. 
(b) With the increase of inner-layer slot PMs 

 

By using Fourier Series, the coil flux linkage excited by DC 
field coils can be further expanded as 

sin( ), 1,2,3...
coil dc n n

n t n    = + + =        (1) 

where φdc is the DC flux bias, φn is the magnitude of the nth 

flux harmonics, ω is the electrical angle velocity, t is the time, 
θn is the initial phase. Based on a magnetomotive force (MMF) 
and permeance model, φdc can be expressed as 

aveΛ
dc dc dc st soN i d l =                         (2) 

where Ndc is the DC coil turns, idc is the DC current magnitude, 
Λave is average permeance of DC flux loop, θst is arc of stator 
teeth, dso is the outer diameter of the stator, and l is stack length. 
This DC flux bias cannot produce energy conversion, and worse, 
it intensifies the saturation of stator core. Hence, the inner-layer 
slot PMs are adopted to excite relieving-DC-saturation (RDCS) 
effect. As shown in Fig. 5, regardless of the rotor position, the 
slot PMs always link the stator core for the minimum reluctance 
principle. This constant PM flux can be utilized to cancel the 
DC flux bias. As illustrated in Fig. 6(b), with a certain inner-
layer slot PMs, the DC flux bias can be decreased to zero, at 
which the optimal RDCS operation is achieved. The usage of 
slot PMs for optimal RDCS operation can be determined by 

 = 
c pms s st so dc

H h d l                          (3) 

where H𝑐 is the coercivity of the slot PMs, ℎpms is height of slot 

PMs, Λs is average permeance of slot PM flux loop. With this 
RDCS operation, the maximum flux density in stator core can 
be reduced, which enhances core utilization factor. 

By differentiating the magnetic co-energy with respect to the 
rotor mechanical position under a constant armature current, the 
torque equation excited by AC and DC hybrid excitation at the 
non-saturation status can be derived as 

 constant|c
e i

r

w
T


 ==                             (4) 

where wc is the magnetic co-energy and can be written as 

2 21 1

2 2
c f dc p ac pf ac dcw L i L i L i i= + +                  (5) 

where Lp, Lf, Lpf  refer to the self-inductance of AC coil and DC 

coil as well as their mutual-inductance, respectively.  iac, idc are 
the AC current and DC current, respectively. Substituting (2) 
into (1), the torque equation can be deduced as 

2 21 1

2 2

f p pf

e dc ac ac dc

r r r

dL dL dL
T i i i i

d d d  
= + +               (6) 

The first term in the torque equation refers to the cogging torque 
excited by the variation of magnetic energy product in DC coils. 
The second term refers to the reluctance torque excited by the 
self-inductance variation of AC coils only, which cannot make 
effective torque contribution in the proposed machine. The third 
term refers to the effective reluctance torque contributed by the 
mutual-inductance variation between AC and DC coils. 
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Fig. 7. Illustration of flux modulation effect of outer-layer slot PMs. 

D. Flux Modulation Effect of Outer-Layer Slot PMs 

Although the inner-layer slot PMs mitigate the DC saturation 
effect in stator core and boost the reluctance torque generation, 
the torque density is still not comparable to that in conventional 
PM machines due to the poor excitation ability of DC field coils. 
Hence, the outer-layer slot PMs are introduced, aiming to create 
extra PM torque and further boost the whole torque density. 

As shown in Fig. 7, the operation principle of the outer-layer 
slot PMs is based on the flux modulation effect. Each slot PM 
and adjacent stator tooth form a pair of magnetic poles. Further, 
the PM magnetic field is modulated by rotor salient poles and a 
various air gap harmonics are induced, whose pole pair number 
PPNu,v and rotational speed ωu,v can be predicated by [23] 

,v

 ,

PPN

,   1,3,5..., 0,1, 2,3..

u s r

r

u v r

s r

up vp

vp
u v

up vp
 

 = 

 =  = = 

         (7) 

TABLE I 
 Dominant harmonics excited by outer-layer slot PMs 

 u=1, v=0 u=1, v=1 

PPNu,v ps ps+ pr |ps- pr| 
ωu,v 0 

pr
ps+ pr

ωr 
pr

ps- pr
ωr 

 

where ps is the PPN of outer-layer slot PMs.  pr is the number 

of rotor salient poles. Among all these air gap harmonics, three 
components are dominant as presented in Table I. The first item 
refers to the fundamental PM field without rotor modulation. 
The rotation speed of fundamental PM harmonic is zero, thus 
cannot produce effective torque generation. The second and the 
third items are the dominant PM harmonics generated by rotor 
modulation. To transmit steady torque with PM harmonics, the 
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relation between the PPN of AC armature winding pa, the PPN 

of out-layer slot PMs, and the number of rotor salient poles, 
should be governed by 

a s r
p p p= −                                    (8) 

The magnetic gearing ratio can be further written as 

 
s

r

a

p
G

p
=                                     (9) 

The torque produced by outer-layer slot PMs can be derived 
by differentiating the magnetic co-energy as 

3

2

p

pm w g a r

r

B
T k r l p NI

G
=                           (10) 

where kw  is the fundamental winding factor, rg  is the air-gap 

radius, la is the stack length, Bp is the amplitude of harmonic 

flux density, and NI is the winding ampere turns. 
 

q axisd axis
 

(a) 

q axisd axis
 

(b) 

Fig. 8. Illustration of the maximum excitation flux linkage of single AC coil. (a) 
DC field coils with inner-layer slot PMs. (b) With outer-layer slot PMs only. 

 

E. Integration Effect of Dual-Layer Slot PMs and DC Coils 

Fig. 8 illustrates the flux distribution of different excitation 
sources. It is shown, the DC field coils and outer-layer slot PMs 
produce the maximum excitation flux linkage at the same rotor 
position, which means the flux linkage of these two excitation 
sources have the same phase angle. It should be also mentioned 
the inner-layer slot PMs have no influence on flux phase angle 
of DC coils. Further, the electrical frequency of flux linkage in 
the proposed topology can be determined by 

60
r

n
f N=                                    (11) 

Where n is the machine speed. Nr is the number of rotor salient 
poles. Although the pole pair number of outer-layer slot PMs 
and DC field coils are different, the electrical frequency of flux 
linkage produced by these two excitation sources are the same, 
since it’s not influenced by the pole pairs of excitation source 
at stator side. This is different from traditional PM machines in 
which the PMs are located at the rotor side and its flux electrical 
frequency is proportional to the PM pole pairs. 

In general, the flux linkage of DC field coils and outer-layer 
slot PMs can be integrated without any phase shift or internal 
loss, due to the same electrical frequency and same phase angle. 
This flux linkage integration means that the torque components 
generated by these two excitation sources can overlap together. 
Compared to the non-PM counterpart, the outer-layer slot PMs 
bring extra PM torque, thus leading to the torque density boost. 

Moreover, the synthetic flux linkage can be flexibly adjusted by 
regulating DC current. This DC magnetization control can be 
coordinated with the conventional vector control to achieve the 
optimal torque speed range in the proposed machine. 

F. Drive System and Control Strategy 

Fig. 9 illustrates the drive system and control strategy for the 
proposed FM-RDCS-HRM. The drive system mainly consists 
of a DC power source, a three-phase inverter for AC armature 
terminal and an H-bridge converter for DC field terminal. The 
control strategy has three blocks, namely Id=0 maximum torque 
per ampere (MTPA) vector control block, Id<0 flux weakening 
vector control as well as DC magnetization control. When the 
machine operates under the base speed, full DC magnetization 
control should be employed and combined with Id=0 MTPA 
vector control to maximize the torque for fast starting. Once the 
machine runs over base speed, continuous DC demagnetization 
control can be coordinated with id <0 FW vector control, thus to 
obtain the optimal torque performance in the high-speed region. 
Specifically, during FW operation, the voltage limit and current 
limit under dq coordinate system can be expressed as 

( )2 2 2
0

2 2 2
d q max+

d q dc

s

u u u u

i i i

 + + 



                          (12) 

where u0 is the no-load back EMF. udc is the DC bus voltage. 
ismax is the inverter current scale. In the proposed machine, u0 
can be continuously decreased by DC demagnetization control, 
leading to the change of working point during FW operation as 
illustrated in Fig. 10. It is shown with extra DC demagnetization 
control, reduced id current is required to satisfy the voltage limit 
during FW operation, and thus larger iq current can be allowed 
for torque generation under a fixed inverter current scale. 
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Fig. 9. Drive system and control strategy for the proposed FM-RDCS-HRM. 
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Fig. 10. Variation of current and voltage limits during flux weakening operation 
by DC demagnetization control. (k refers to the FW coefficient of DC terminal). 
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Fig. 11. General dimension parameters. 

 

TABLE II 
Design Parameters for the Proposed FM-RDCS-HRM 

Symbol Parameter Unit Value 
dro Outer diameter of rotor mm 150 
dri Inner diameter of rotor mm 130 
dso Outer diameter of stator mm 129 
dsi Inner diameter of stator mm 60 
hry Height of rotor yoke mm 5 

hsy Height of stator yoke mm 10 

hpmo Height of outer-layer slot PMs mm Variable 

hpmi Height of inner-layer slot PMs mm Variable 

δ Air gap length mm 0.5 
l Stack length mm 80 

θs Arc of stator teeth ° Variable 
θr Arc of rotor salient pole ° Variable 

 

Turns of each DC coil - 50 
Turns of each AC coil - 50 
Wire size (AWG) - 30 
Slot factor - 0.7 

III. DESIGN CONSIDERATIONS 

A. Slot Pole Combination 

The feasible slot pole combinations in the proposed machine 
can be expressed as [20] 

=2 , 1,2,3  

= 2 ,  1,2,3
s

r s

N mj j

N N k k

=
  =

                      (13) 

where m is the phase number. Ns is the number of stator slots. 
The designs having odd rotor pole pairs are not recommended 
due to the influence of unbalanced magnetic pull. Further, based 
on the flux modulation effect, N𝑟  should be designed in close to 
Ns to achieve relatively high magnetic gearing ratio and torque 
density. Using a 24-slot stator, four potential slot pole designs, 
24/20, 24/22, 24/26 and 24/28 are compared in this paper.  

Finite element (FE) method is adopted for machine modeling 
and performance evaluation. The general dimension parameters 
are labeled in Fig. 11, with their design values listed in Table II. 
For a fair comparison, the height of inner-layer and outer-layer 
slot PMs are both keep at 2mm for all the slot pole combinations. 
The arc of stator teeth and rotor salient pole are both optimized 
for each case. Fig. 12 shows the calculated armature inductance 
of four designs. It can be seen, for 24/20 and 24/28 cases, their 
armature inductances vary with the electrical angle, while those 
of 24/22 and 24/26 designs maintain constant almost. Table III 
presents calculated torque performance. It is shown, the 24/20 
design can obtain the maximum average torque, but its cogging 
torque and torque ripple are also much larger than other designs. 
When the minimum torque ripple ratio and cogging torque ratio 
are considered as the selection criteria, the 24/22 case is the best 
design for further study. The difference of torque performance 
is due to the inductance difference, which determines reluctance 
torque distribution and influences torque ripple greatly [20]. 
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Fig. 12. Armature inductances with four slot pole combinations 

 
TABLE III 

Torque Performance with Four Slot Pole Combinations 

Ns 24 24 24 24 
N𝑟 20 22 26 28 

θs (°) 7.2 6.8 6.9 7.1 
θr (°) 8.2 7.6 6.4 5.8 

Current density (A/mm2) 6 6 6 6 
Cogging torque (Nm) 1.8 0.7 0.8 1.6 
Torque ripple (Nm) 2.6 1.1 1.2 2.2 

Average torque (Nm) 13.5 12.4 12.1 11.2 
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Fig. 13. Examination of RDCS operation on torque ability considering different 
current density. (a) 6A/mm2. (b) 12 A/mm2. (c) 18 A/mm2. (d) 24 A/mm2. Four 
typical design cases of A, B, C, D are selected and denoted in figure, with their 
corresponding schematic illustrations presented as bellow 
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   Case A 

 
   Case B 

 
  Case C 

 
  Case D 

Case A: the original non-PM topology.  
Case B: the topology with only inner-layer slot PMs. 
Case C: the proposed topology dual-layer slot PMs 
Case D: the topology with only outer-layer slot PMs.  
The Case C and Case D share the same total PM usage. 

B. Determination of Dual-Layer PM Usages 

The determination principles of dual-layer PM usages can be 
illustrated as follows. (1) Under a given current excitation, the 
optimal usage of inner-layer slot PMs can be determined as long 
as the coil flux linkage has zero DC bias. Overuse of inner-layer 
slot PMs not only increases cost, but also brings negative DC 
bias and thus DC saturation effect. (2) Then, the optimal usage 
of outer-layer slot PMs can be determined to provide maximum 
PM torque with minimum PM usage, considering that overuse 
of outer-layer slot PMs cannot contribute to PM torque increase 
due to the global saturation effect. 

Moreover, to verify the effectiveness of RDCS operation by 
inner-layer slot PMs, two solutions are comparatively studied. 
One is the proposed topology with dual-layer slot PMs, and the 
other is the existing one in which only outer-layer slot PMs are 
adopted [27]. Fig. 13 presentss the influence of PM usage on 
the torque ability of two solutions with different current density. 
Four typical cases of A, B, C, D are denoted in Fig. 13. 

As presented in Fig. 13(a), when 6A/mm2 current excitation 
is applied, the inner-layer slot PMs contribute few torque. This 
is because DC saturation effect is not so significant under small 
this current excitation. With the increase of current excitation, 
the torque boost by inner-layer slot PMs due to DC saturation 
elimination becomes more and more distinct, as can be found 
by comparing Case A and Case B in Fig. 13 (b) and (c), and (d), 
respectively. It is shown, with large current excitation applied, 
the torque ability of the proposed topology with dual-layer slot 
PMs, is obviously higher than that of the existing topology with 
only outer-layer slot PMs even when they are designed with the 
same total PM usage. More specially, by comparing Case C and 
Case D, 27.2% higher torque density of the proposed topology 
can be observed under 12A/mm2 current excitation. This data 
increases to 45.1% under 18A/mm2 and 50.3% under 24A/mm2, 
respectively. The reason for this is, with the increase of current 
excitation, the DC flux bias in stator core becomes larger as well, 
and its limit on torque ability cannot be neglected due to extra 
DC saturation. Meanwhile, the PM torque boost of outer-layer 
slot PMs is also restricted due to global saturation.  

As reported in literature [28], the rated current density of the 
commercial automotive IPM can be designed at 24A/mm2 using 
an oil-cooling method. For the proposed machine, its rated point 
is designed at 12A/mm2 using a strong fan-cooling method for 
a short-time period laboratory test. It can be seen in Fig. 13(b), 
at current density of 12A/mm2, when the total PM usage is 2mm 
and 3mm, the torque excited by dual-layer slot PMs is lower 
than that excited by outer-layer slot PMs only. This is because, 
the stator core is not saturated at these points and thus the RDCS 
operation of inner-layer slot PMs makes little contribution to 
torque boost. When the total PM usage is larger than 4mm, the 

magnetic load increases and stator core is in close to saturation. 
Therefore, the RDCS operation becomes effective now and thus 
the torque of dual-layer slot PMs becomes more advantageous, 
while the torque excited by outer-layer slot PMs only is limited 
by global saturation. Specifically, when using inner PMs 2mm 
plus outer PMs 2mm, about 20% higher torque can be observed 
compared to using outer PMs 4mm. And when using inner PMs 
2mm plus outer PMs 3mm, about 25% higher torque is achieved 
compared to using outer PMs 5mm. Therefore, it’s feasible to 
determine the total PM usage to be either 4mm, 5mm, or larger. 
Our considerations to select the design point is based on the PM 
cost limit and our torque test ability. On one hand, the 2mm plus 
2mm design can already demonstrate the torque density boost 
with our proposed dual-layer PM topology, thus increasing PM 
usage is not necessary considering the cost limit. On the other 
hand, our torque test ability is limited by laboratory instruments, 
thus increasing PM usage may exceed the test range. 

IV. ELECTROMAGNETIC PERFORMANCE ANALYSIS 

A. Magnetic Field Distribution 

Fig. 14 presents the no-load magnetic field distribution of the 
proposed machine at different excitation status. When only DC 
current of 12A is applied as shown in Fig. 14(a), the effective 
flux starts from the wound stator tooth, then enters rotor salient 
pole, and finally comes back through two adjacent stator teeth. 
This flux linkage contributes to the reluctance torque generation. 
However, the flux density of stator core is obviously higher that 
of rotor core due to the existence of DC flux bias, which makes 
the stator core easier to be saturated. By introducing inner-layer 
slot PMs of 2mm, as presented in Fig. 14(b), the flux density of 
stator core can be reduced significantly, while that of rotor core 
keeps unchanged almost, which proves inner-layer slot PMs can 
relieve DC saturation in the stator core. Fig. 14(c) and Fig. 14(d) 
present the situations with outer-layer slot PMs of 2mm applied. 
The outer-layer slot PMs elevate the flux density of both stator 
core and rotor core, and saturation already occurs at stator teeth 
if no inner-layer slot PMs are applied as presented in Fig. 14(c). 
Therefore, by coordinating the inner-layer and outer-layer PMs, 
the flux density distribution of the stator core and rotor core can 
be more uniform as can be found in Fig. 14(d).  

 

   
(a)                                                           (b) 

   

   
(c)                                                           (d) 

B

0

2T  

Fig. 14. Magnetic field distribution. (a) idc 12A/mm2 only. (b) idc 12A/mm2 
and inner-layer PMs 2mm. (c) idc 12A/mm2 and outer-layer PMs 2mm. (d) idc 
12A/mm2, inner-layer PMs 2mm and outer-layer PMs 2mm. 
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Fig. 15. Coil flux linkage at different excitation status. 
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(c) 

Fig. 16. Flux density in air gap and its harmonics distribution. (a) Only idc 12A. 
(b) Only outer-layer slot PMs. (c) Only AC armature current 12A. 

 

Fig. 15 shows the calculated no-load flux linkage of each coil 
at different excitation status. It is shown, with the introduction 
of inner-layer slot PMs, the DC bias of coil flux linkage can be 
eliminated. Meanwhile, the flux component of outer-layer slot 
PMs is entirely in phase with that of DC current, and thus they 
can overlap effectively without any inner cancellation. 

Fig. 16 presents the calculated air gap flux density excited by 
different sources, with their harmonic spectrum obtained by fast 
Fourier Analysis. According to the flux modulation theory, the 
excitation harmonics with the same rotation speed and pole pair 
number as that of armature harmonics can work effectively and 
contributes to steady torque generation. As shown in Fig. 16(a) 
and Fig. 16(b), the air gap harmonics produced by DC current 
and out-layer slot PMs are entirely different. Their fundamental 
harmonics cannot work since they are both stationary. For the 
armature field, with a single-layer concentrated winding design, 
plentiful air gap harmonics are excited, which can interact with 
both DC field and PM field for torque generation. 

B. Inductance Characteristic 

The no-load inductance characteristic is evaluated in Fig. 17. 
As illustrated in Fig.2(b), according to the phase relation, the 
adjacent coils of one phase are split into two sub phases, namely 
sub-phase Ap and An, respectively, taking phase A as example. 
It is shown that, the general self-inductance of one phase keeps 
constant almost, while the self-inductance of each sub phase 
varies periodically, which leads to reluctance torque. Moreover, 
the mutual inductance between phases can be ignored almost. 
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Fig. 17. Self-inductance and mutual-inductance. 
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Fig. 18. Reluctance torque components with current density of 12A/mm2. 
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Fig. 19. Steady torque components with current density of 12A/mm2. 

C. Torque Components 

Fig. 18 presents the calculated torque components without 
slot PMs, in which “synthetic torque” refers to the sum of three 
torque components which can be referred in Equ. (6). It can be 
seen, the torque components of two sub-phases generated by the 
variation of self-inductance only, are cancelled due to their 180° 
phase difference. The effective average torque is contributed by 
the interaction between AC and DC current excitation, and they 
are complementary between two sub-phases. Therefore, there is 
no torque dead zone of one phase in the whole electrical period. 
Fig. 19 presents the steady torque components with dual-layer 
slot PMs. It can be seen, with the introduction of inner-layer slot 
PMs of 2mm, the torque is boosted from about 10Nm to 15Nm. 
Then, with outer-layer slot PMs of 2mm introduced, the torque 
grows from 15Nm to 30Nm approximately. Besides, it can be 
found, the torque with outer-layer slot PMs 4mm is 5Nm lower 
than that with dual-layer slot PMs of both 2mm, which is due 
to the RDCS effect as discussed previously. 

Further, the torque ability of the proposed design is evaluated 
against industrial Toyota Prius interior PM machine (IPM) [28]. 
The comparison results are listed in Table IV. It is shown, when 
two machines share the same outer dimension, stack length, air 
gap length as well as current density, the proposed topology has 
26.7% higher torque per volume than IPM, while its torque per 
PM is relatively lower. Besides, in Table IV, the reduced space 
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of winding ends is not considered with a concentrated design in 
the proposed topology, which means, within a fixed mechanical 
space, the torque density of proposed topology can be further 
improved compared to IPM with distributed winding. 

TABLE IV 
Comparison of Torque Ability against Industrial IPMs 

 FT-RDCS-HRM IPM [28] 
Outer dimension (mm) 268 

Stack length (mm) 50 
Air gap length (mm) 0.75 
PM volume (mm3) 146400 82960 

Current density (A/mm2) 12 
Torque per volume (kNm/m3) 31.3 24.7 

Torque per PM (Nm/L) 669 732 
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(b) 

Fig. 20. Magnetization ability of DC terminal. (a) Flux linkage. (b) Back EMF. 
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Fig. 21. PM flux density distribution at full load. (a) idc 12A. (b) idc -12A. 

D. DC Magnetization Control 

The magnetization control ability of DC terminal is evaluated. 
As shown in Fig. 20(a), with bidirectional DC current applied, 
the DC bias of flux linkage can be flexibly adjusted. Especially, 
with the negative DC current of 6A applied, the DC saturation 
effect becomes severe, and thus the effective amplitude of flux 
linkage is reduced significantly. Further, as shown in Fig. 20(b), 
the back EMF can be weakened by 70% at rated condition. 

For a safe operation, the PM demagnetization risk during flux 
weakening should be examined. In general, the working point 
of PMs is determined by current magnetomotive force (MMF) 
and environment temperature at the same time. To examine PM 
demagnetization behavior in the proposed design, the total loss 
at the full load condition, including copper loss, core loss and 
PM eddy current loss, are calculated and then involved into the 
iteration between electromagnetic field and temperature field. 
In this way, the PM temperature and corresponding B-H feature 
can be determined for demagnetization evaluation. For NdFeB 
magnets, the knee point of irreversible demagnetization is about 
0.33T at 125°. Fig. 21 presents the flux density distribution of 
dual-layer PMs with maximum and minimum DC current at full 
load. It is shown, the influence of DC current on PM working 
point is not distinct. Besides, the minimum PM flux density of 
PMs is about 0.45T, thus no demagnetization exists. 
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Fig. 22. (a) Prototype details including stator and rotor. (b) Test platform. 
 

TABLE V 
Specifications and Materials of the Prototype 

Specifications Materials 
Rated speed 1000 rpm 

PM 
Type NdFeB35 

Rated current density 12 A/mm2 Remanence 1.2 T 
Rated power 3140 W Coercive force 915 kA/m 
Peak power 5500 W 

Steel 
Type MG19_24 

Phase inductance 12 mH Saturated point 1.8 T 
Phase resistance 0.64 Ω Mass density 7650 kg/m3 
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  (b) 

Fig. 23. (a) Back EMF without DC current. (b) Harmonics distribution. 

V. EXPERIMENTAL VERIFICATION 

A prototype is fabricated and tested. Relevant dimensions are 
in line with those listed in Table II, and the inner-layer PM and 
outer-layer PM are both set 2mm. The major specifications and 
materials are given in Table V. Fig. 22(a) shows the details of 
prototype. In the stator assembly, dual-layer PMs are mounted 
on slot openings. Each PM is joined by two segments to reduce 
PM eddy current loss. With a single-layer concentrated winding, 
the wiring process is simple, and the winding ends are shortened. 
In the rotor assembly, the rotor core is connected into two end 
discs by screw to provide a mechanical support. A test platform 
is built as shown in Fig. 22(b), which consists of the prototype, 
dynamometer, drive controller, power source and oscilloscope. 

Firstly, the back EMF at 1000rpm without DC current and its 
harmonic distribution are presented in Fig. 23. It is shown, the 
measured result basically agrees with FE predication, although 
its amplitude is a little smaller, due to the influence of different 
air gap harmonic distribution that may be caused by the uneven 
PM magnetization. Then, the back EMF values against different 
DC current are shown in Fig. 24. With bidirectional DC current, 
the back EMF can be weakened and strengthened as predicated, 
thus proving the DC magnetization control ability. 
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Fig. 24. Back EMF against different DC current. 
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Fig. 25. Torque angle curve with DC current of 12A/mm2. 
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Fig. 26. Torque capacity under different current density 

 

Then, the torque angle curve with DC current 6A is collected 
by measuring the static torque at different locked rotor positions. 
As shown in Fig. 25, the tested result agrees with FE prediction, 
and the control angle to obtain the maximum torque is near 90°, 
similar with that for the traditional non-saliency PM machines. 
Fig. 26 presents the tested torque ability under different current 
density. It can be seen, with the synchronous increasing of both 
AC and DC current density, the torque saturation trend is not 
distinct when the current density reaches 12A/mm2. This is due 
to the RDCS effect provided by inner-layer slot PMs. Therefore, 
the proposed machine has good potential for overload operation 
if the cooling condition is satisfied. 

Fig. 27 presents the torque ability in the whole speed region. 
The DC bus voltage is set 400V and the based speed is 1000rpm. 
When the machine is operating under based speed, id=0 should 
be applied to maximum the torque ability during starting. Once 
the machine operates over based speed, the traditional vector 
flux weakening should be applied by increasing id current and 
decreasing iq current to meet the voltage limit and current limit. 
In the proposed topology, by changing DC current and repeat 
the above control strategy, relevant torque speed characteristics 
can be collected as a function of DC current values. It is shown, 
with the decreasing of DC current, the torque speed region can 
be extended effectively, which is due to the extra magnetization 
control ability of DC terminal in flux weakening.  

Finally, the rated efficiency of this new topology is examined 
and compared with the existing topologies. Table VI shows the 
calculated efficiency of three designs with same rated condition. 
It is shown, by using dual-layer slot PMs, the proposed design 
exhibits efficiency improvement as well, which is in line with 
its torque boost. Therefore, the proposed topology has potential 
for in-wheel direct-drive applications. 
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Fig. 27. Torque speed curves, DC current from 6 to -3A/mm2, step 3A/mm2. 

 
TABLE VI 

Comparison of Rated Efficiency with Different Topologies 

 No PMs Outer-layer PMs only Dual-layer PMs 
Rated speed 1000 rpm 

Current density 12 A/mm2 
 

Efficiency 62.5% 79.1% 84.2% 

VI. CONCLUSION 

Aiming for the in-wheel direct-drive applications, this paper 
presents a new flux-modulated relieving-DC-saturation hybrid 
reluctance machine, which integrates the advantages of boosted 
torque density and bidirectional magnetization control ability. 
The innovation is introducing an integrated dual-layer slot-PM 
excitation to evoke both relieving-DC-saturation effect and flux 
modulation effect, and thus boost stator core utilization factor 
and PM torque as well. The proposed machine is evaluated by 
both finite element analysis and prototype experiments.  

It is revealed in this paper, when the machine is designed with 
small current density, the inner-layer slot PMs contribute to few 
torque since the DC saturation in stator core due to DC current 
excitation is not significant. In this situation, it is recommended 
to use the whole outer-layer slot PMs instead of dual-layer PMs. 
However, when the machine is designed with relatively high 
current density, the DC saturation in stator core becomes more 
distinct, which degrades core utilization factor and essentially 
limits machine torque ability. In this case, using inner-layer slot 
PMs is recommended. For our prototype, under current density 
of 12A/mm2, using dual-layer PMs contributes to 27.2% higher 
torque than that when using outer-layer PMs only with the same 
total PM usage. This data increases to 45.1% under 18A/mm2 
and 50.3% under 24A/mm2, respectively. It needs to be pointed 
our prototype is designed at 12A/mm2 due to the limited cooling 
condition. In future work, by improving the cooling method, the 
current density can be increased to fully examine torque ability. 
Besides, using ferrite magnets can be also explored considering 
the issue of PM utilization ratio and increased cost burden. 
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