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Abstract: Due to the large torque density of magnetic gears(MGs), magnetic-geared permanent
magnet machines(MGPMs) have become promising competitors in the family of direct-drive machines.
According to the deployment of armature stators, MGPMs can be generally classified into three types,
viz., MGPM with inner armature stator(MGPM-IAS), MGPM with outer armature stator(MGPM-OAS),
and MGPM with sandwiched armature stator(MGPM-SAS). Our investigation finds out that the
MGPM-SAS can achieve parallel-path power flows better than the MGPM-OAS, while the MGPM-IAS
is with serial power flow paths. Therefore, the torque capability of MGPM-IAS is limited by the torque
transmission capability of its integrated MG. However, the MGPM-SAS has the possibility to offer even
higher output torque than its integrated MG. This paper focuses on the MGPM-SAS. And three typical
MGPMs and their power flow paths are introduced; the interaction of electromagnetic fields in
MGPM-SAS is analyzed; simulation calculation and experimental verification are conducted to
demonstrate the validity of the theoretical analysis.
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1 Introduction

Magnetic gears(MGs) working on the field
modulation effect have been proposed for more than a
decade!'. Due to the unique coaxial topology involved,
the utilization of permanent magnet (PM) materials is
greatly improved™, which allows these MGs the
capability of offering satisfactorily high torque density
when achieving non-contact torque transmission and
speed variation®!. Compared with mechanical gears,
MGs are able to eliminate the nuisance arising from
the contact metal teeth, such as need of regular
lubrication and maintenance, risks of fatigue failures,
friction losses and so forth. Moreover, they can achieve
physical isolation between the two mechanical power
ports, and offer self-protection in case of overload.
Therefore, MGs have enormous potential to be widely
used in all kinds of applications.

Great progress has been made in design and
application of MGs most recently. Halbach PM arrays
are adopted to suppress the torque ripple of MGs!™".
Flux-focusing magnets can improve the torque
capability of MGsP!. Linear MG is prototyped for
aerospace application'®. Axial flux MG using skew
effect is investigated to mitigate the cogging
torques'’\.Shape of the modulating segments is
optimized to improve the modulation effect’®. The
torque density of MGs can reach 100kN-m/m’ or
above, which is much higher than that of traditional
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PM machines, and also comparable to that of
mechanical gearboxes.

Magnetic-geared permanent magnet machine (MGPM)
is a novel derivation of MGs. By integrating a PM
machine into a MG or vice versa, new mechanisms
can be developed, which are able to achieve
electromechanical energy conversion. MGs can reduce
the rotational speeds of PM machines as well as
increase their output torques, therefore, MGPMs are
capable of offering low-speed large-torque operation. It
means that they can get rid of mechanical gearboxes in
many occasions, such as wind power generation,
electric power propulsion, industrial robot drive and so
forth. Due to the large torque density of MGs, MGPMs
become rather promising competitors in the family of
direct-drive machines”'". According to the deployment
of the armature stator, MGPMs can be generally
classified into three types, viz., MGPM with inner
armature stator(MGPM-IAS)!'*"*], MGPM with outer
armature stator(MGPM-OAS)!'"*'") and MGPM with
sandwiched armature stator (MGPM-SAS)!'®. It is
worth noting that there are two stators engaged in the
MGPM-IAS, one is the armature stator, and the other is
the modulating stator. Herein, the armature stator refers
to the component on which the armature windings are
equipped. In addition, two PM machines which are also
derived from MGs have been reported in [19-21].
However, we cannot observe a complete MG with two
PM rotors in these machines.

From the ‘power-flow-path’ point of view, for the
aforementioned three types of MGPMs, our investiga-
tion finds out that there are parallel-path power flows
in the MGPM-SAS and MGPM-OAS when they
achieve electromechanical energy conversion, but the
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MGPM-SAS is better suited to capitalize on the
potential parallel path power flows than the
MGPM-OAS. And this phenomenon does not exist in
MGPM-IAS. The parallel-power-flow-path results in
the MGPM-SAS having greater potential to offer even
higher output torque than its integrated MG. The
purpose of this paper is to elaborate this issue in
MGPM-SAS. Three typical MGPMs and their power
flow paths will be introduced in section 2. Next, the
parallel-power-flow-path is analyzed from the aspect
of electromagnetic fields interaction in section 3.
After that, simulation analysis and experimental
verification are presented in section 4 and 5,
respectively. Finally, the conclusions are drawn in
section 6.

2 Three typical MGPMs and their power
flow paths

2.1 MGPM-IAS

Fig.1 depicts the cross-sectional view of the
MGPM-IAS. It consists of two rotors, two stators and
three air-gaps. The outer rotor, the modulating stator
and the inner rotor constitute a MG. The inner rotor

and the inner armature stator constitute a PM machine.

PM poles are placed on both the inner rotor and the
outer rotor. The sum of the pole-pair numbers(PPNs)
of these two rotors is equal to the number of
ferromagnetic segments equipped on the modulating
stator. Therefore, the MG can achieve stable magnetic
torque transmission between the two rotors, and the
ratio of their rotational speeds is equal to the ratio of
their PPNs. The outer rotor is also known as
low-speed rotor since it has more PM poles, while the
inner rotor is also called high-speed rotor. The
armature windings are deployed on the inner armature
stator, and their PPN is designed to be equal to that of
the inner rotor PM poles.

Fig.2 illustrates the power flow path in the
MGPM-IAS. Since the PPN of the armature windings is
the same with that of the inner rotor, the armature field
generated by the stator currents can interact with the PM
poles placed on the inner rotor, so as to achieve stable
electromechanical energy conversion. When the
MGPM-IAS works as a motor, the inner rotor is driven
by the stator currents, and rotates at relatively high
speed. Then, with the help of the modulating stator, the
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mechanical power of the inner rotor is transmitted to
the outer rotor. Due to the function of the integrated
MG, large output torque and low rotational speed can
be obtained at the mechanical port. When the
MGPM-IAS works as a generator, mechanical power
is input from the mechanical port, and then
transmitted to the inner rotor. After that, the rotating
magnetic field excited by the inner rotor PM poles can
couple with the armature windings to generate
electrical power. Apparently, these are serial-path
power flows. This means that no matter whether it
works as a motor or a generator, the maximum
output/input torque of MGPM-IAS is limited by the
torque transmission capability of its integrated MG.

2.2 MGPM-OAS

Fig.3 depicts the cross-sectional view of the
MGPM-OAS. It consists of one stator, two rotors and
two air-gaps. PM poles are located on both the stator
and the inner rotor. The integrated MG is a little bit
different from that in the MGPM-IAS, and the
modulating ring becomes the low-speed outer rotor.
The sum of the PPNs of PM poles engaged on the
stator and the inner rotor is equal to the number of
ferromagnetic segments equipped on the modulating
ring(outer rotor). The armature windings are deployed
on the outer armature stator, and its PPN is designed
to be equal to that of the inner rotor PM poles.

Fig.4 illustrates the power flow path in
MGPM-OAS. The armature windings can interact
with the inner rotor to achieve stable electromechanical
energy conversion, and they constitute PM machine I.
Meanwhile, the magnetic field generated by armature
currents also can interact with the field excited by
stator PMs by flux modulation effect of modulating ring.
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Thus, the armature stator with windings, stator PM
poles and modulating ring constitute PM machine II,
which is called stator-excited vernier PM machine!®*.
When it works as a motor, the inner rotor is driven by

the stator currents, and rotates at relatively high speed.

Then, with the help of its integrated MG, the mechanical
power of the inner rotor is transmitted to the modulating
ring(outer rotor), moreover, the outer rotor can be
directly driven by the armature currents simultaneously
due to flux modulation effect, and finally
MGPM-OAS outputs to drive the mechanical loads
through two power flow paths. When the MGPM-OAS
works as a generator, mechanical power is input from
the mechanical port, and return along the original
paths in motor condition. Finally, electrical power can
be generated with the armature windings. It can be
observed that the power-flow-path existing in the
MGPM-OAS is parallel. However, PMs are located in
both inner and outer air-gaps, since the relative
permeability of PMs and air is very close, it is
equivalent to increasing the length of the two air-gaps.
Especially for PM machine 11, it is bound to affect the
flux modulation effect and weaken the magnitude of
the dominant harmonic. Therefore, it is more likely
that most of the power flows through PM machine I
and its MG.

2.3 MGPM-SAS

Fig.5 depicts the cross-sectional view of the
MGPM-SAS. It consists of one stator, two rotors and
two air-gaps. PM poles are mounted on both the outer
rotor and the inner rotor. In this case, the interior PM
design is adopted on the inner rotor. The armature
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Fig.5 Cross-sectional view of MGPM-SAS

windings are deployed among the air slots of the
modulating ring which is sandwiched in-between the
two rotors. Thus, the modulating ring of the integrated
MG also serves as the armature stator of the whole
machine. The sum of the PPNs of PM poles engaged
on the two rotors is equal to the number of
ferromagnetic segments equipped on the modulating
ring (armature stator). The PPN of the armature
windings is designed to be equal to that of the inner
rotor PM poles.

Fig.6 illustrates the power flow path in MGPM-
SAS. It is quite natural to understand that the
armature stator and the inner rotor can interact with
each other to achieve stable electromechanical energy
conversion. That is the first PM machine(PM machine I)
integrated in the MGPM-SAS. It is worth noting that,
although the PPN of armature windings is equal to
that of the inner rotor PM poles, one of the field
harmonics excited by the armature currents with the
help of the modulating ring has the same PPN with
that of the PM poles equipped on the outer rotor. This
means the armature windings can also interact with
the outer rotor to achieve stable electromechanical
energy conversion. That is the second PM machine
(PM machine II) integrated in the MGPM-SAS. In
much literature, this kind of machine is termed as
harmonic machine or vernier machine!”*’. When the
MGPM-SAS works as a motor, on one path the inner
rotor is driven by the stator currents, and then, with
the help of the modulating stator, the mechanical
power is transmitted to the outer rotor, while on the
other path the outer rotor is directly driven by the
stator currents. When the MGPM-SAS works as a
generator, the input mechanical power can also flow
two paths, and be converted to electrical power by the
armature windings. Very typically, these are parallel-
path power flows, and they allow the MGPM-SAS to
have the possibility to output or input mechanical
torques higher than the torque transmission capability
of its integrated MG. Compared with MGPM-OAS,
the slots of the modulating ring are fully used by the
armature windings, which can save lots of space and
reduce the volume. What’s the most important is that
the topology of the MGPM-SAS does not affect the
length of the air-gaps. Hence, the MGPM-SAS is
better suited to capitalize on the potential parallel path
power flows than the MGPM-OAS.
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2.4 Summary

e The MGPM-IAS is with the most complicated
mechanical structure among the three typical
MGPMs. It has four concentric components which
are divided by three air-gaps. This presents a big
challenge to its manufacturing and assembling.
The power-flow-path in MGPM-IAS is serial,
and its maximum output/input torque is limited
by the torque transmission capability of the
integrated MG.

e The MGPM-OAS is with the least complicated
mechanical structure among the three typical
MGPMs. Its outer armature stator and inner rotor
topology bring convenience to its manufacturing
and assembling. However, the mechanical strength
of its rotational modulating ring (outer rotor)
remains a troublesome issue. Although the
power-flow-path in MGPM-OAS is parallel, it is
more likely that the effect of parallel-path is poor,
and most of power flows through one of the path.

e The mechanical structure of MGPM-SAS is a
little more complicated than that of MGPM-OAS,
yet still, more compact than that of MGPM-IAS.
The armature windings are embedded in the
modulating ring, and do not occupy extra space.
Unlike the MGPM-IAS, MGPM-SAS has parallel-
path power flows, which allow the MGPM-SAS
having the possibility to offer even higher output
torque than its integrated MG. Compared with the
MGPM-OAS, MGPM-SAS can achieve parallel-
path power flows better than MGPM-OAS. So
the paper below will focus on the analyses of the
MGPM-SAS.

3 Interaction of electromagnetic fields in
MGPM-SAS

3.1 Magnetic torque transmission

Firstly, the magnetic torque transmission between
the inner rotor and the outer rotor is investigated. It’s
well known that the MG is able to achieve torque
transmission and speed variation as long as the
following equation is satisfied,

Ns = Pin + Pout (1)
where P;, and P,, are the PPNs of the PM poles
placed on the inner rotor and the outer rotor,
respectively, and N; is the number of ferromagnetic
segments on the modulating ring.

As illustrated in Fig.7, a polar coordinate is built
on the modulating ring which is stationary in the
MGPM-SAS. The assumed positive direction is
counterclockwise. The magnetic field fundamental
component B(iEO) generated by the inner rotor PM poles

can be expressed as,

Bitoy = ki cos(P, (-6 )) )
where k;, denotes the magnitude of the field fundamental
component, and H(IEO) indicates its position. Moreover,

ln .. .
L0y also represents the position of the inner rotor.
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Fig.7 Interaction of magnetic fields in integrated MG
The major harmonic field component B(i?,l) excited

by the modulating ring can be obtained as [24],
Bl = iy cos( B (0+60) )) (3)

where k{, and 6’2? _prefer to the magnitude and the
position of this field harmonic component, respectively.
It can be observed that B j has exactly the same

PPN with the outer rotor PM poles, and its position
can be determined by,
A P .
1n n n
a-n =% Y00 (4)
Pout
Similarly, the magnetic field fundamental com-
ponent Bﬁ‘f(t)) generated by the outer rotor PM poles

can be expressed as,
B0y = Koy €O8 (POut (9 -03%) )) (5)

where k&, and 98“5) denote its magnitude and position,
respectively. In addition, 98“8) also represents the

position of the outer rotor.

The major harmonic field component B(Oluin excited

by the modulating ring can be given by,
B("I‘i]) =kl cos(Pi11 (9 + 981,{1) )) (6)

where &, and 981’111) refer to its magnitude and position,

respectively. It can also be observed that Bﬁt‘il)has

exactly the same PPN with the inner rotor PM poles,
and its position can be determined by,
P
Hout _ _out Hout (7)
1,-) = Y0
By

From (2), (6) and (7), it can be known that the
magnetic torque Tpy which is exerted on the inner

rotor and produced by the interaction of B(iﬁo) and B("l‘ffl)

can be expressed by,
) ) ) . ) . )
Tpy =-wsin P, (H(T,O) + ‘98?71)) =—w; sin (Pine(l{l,O) + E)utgﬁl,l()))

(®)
And from (3), (4) and (5), the magnetic torque
Tynt exerted on the outer rotor due to the coupling of
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10) and B(l _jycan be given by,
out : in out
Top =—wysin By (9(1 +9(1 1)) W, Sln(Pine(l,O) + R, 0))

)

where w, and w, refer to the magnitudes of 7py, and

Tani » TEspectively.

Both (8) and (9) indicate that the magnetic
and Ty transmitted by the integrated MG
are determined by the relative position between the

two rotors. In order to achieve stable torque

transmission, the term P 9(1 o +h 98“8) should be

torques T; pi

out
kept as constant, which means,

G, :—gn =—% (10)
ut in

where G, is the gear ratio, Q;, and Q,, are the
rotational speeds of the inner rotor and the outer rotor,
respectively, and the minus sign implies that the two
rotors should rotate in opposite directions.

3.2 Electromechanical energy conversion

Secondly, the electromechanical energy conversion
among the armature windings and the two rotors are
discussed. As illustrated in Fig.8, the electromagnetic

field fundamental componentB(al‘%) generated by the

armature windings can be expressed as,
Bty = kuy c05( Py (065 )) (11)

where k,, and (9(%) denote its magnitude and position,

respectively. P, is the PPN of the armature windings,
and it is equal to that of the inner rotor PM poles P;,.
When injecting AC currents into the armature

windings, the rotational speed of Bf‘l‘})) is determined by,

27tf 2nf
12
Ao=% =7, (12

where f is the frequency of the injected ac currents,
and €)', is the synchronous speed of the integrated

PM machine I. When the inner rotor is rotating at this
speed, namely,
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Fig.8 Interaction of electromagnetic fields
in integrated PM machines

‘(‘l)n = 2ll,‘()‘)]) (13)

stable electromechanical energy conversion can
be achieve by the coupling of field components

B(iio) and B). The resulted electromagnetic torque

exerted on the inner rotor can be expressed as,
Tim = wy sin P, (‘9(21,0) ‘9(1 0)) (14)

where w3 denotes the magnitudes of T;%, .
In addition, the major harmonic field component
B, excited by the armature windings and the

modulating ring can be given as,

B =kl cos( i (0+ 65 1))) (15)

Pin W
R =5 10) (16)

out
where k;, and 63" refer to the magnitude and the

position of this field harmonic component, respectively.
It can be observed that By 1)has exactly the same PPN

with B(1,0)~ Moreover, they revolve synchronously.

Therefore, the coupling of these two field components
is able to achieve stable electromechanical energy
conversion as well. That is how the integrated PM
machine II works, and the resulting electromagnetic
torque exerted on the outer rotor can be expressed as,

. t
—Wy Sm(}:i'ne(%) + oute(%))

(17)

t
Ty =—wysin By, (9(1 -yt 9(1 0))

where w, denotes the magnitudes of Tyy -

3.3 Torque capability of MGPM-SAS

Thirdly, the output torque capability of the MGPM-
SAS is investigated. After the MGPM-SAS enters
stable state, the rotational speeds of the two rotors
remain unchanged, and the total torque working on

the inner rotor Ttior;al should be equal to zero, namely,

=T+ T =0 (18)

total
By substituting (8) and (14) into (18) gets,
wy sin By (‘9(1 0) ‘9(1 0)): wy Sin(Pine(lEO) + Pt ((iué)) (19)

Then, the total torque working on the outer rotor

T2 can be given by,

T = Tk + T 20)

otal —
By substituting (9) and (17) into (20) gets,
Ttg?atl = [W4 sin(P 9(1 0t oute((iu(g))
W, Sin(RnH(iRO) + ouﬂﬁu(;) )} (21)

where the minus sign indicates that its direction is
opposite to the assumed positive direction, and it will
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drive the outer rotor to rotate clockwise.
The peak output torque capability can be
examined by locking the outer rotor, for example,

letting 08“6) =0. Then, (19) and (21) become,
wysin B, (6% 0 )= wisin (61 )  (22)
out — (4, sin( 2,602 )+ w, sin( P, O™ (23)
total 4 in”(1,0) 2 in”(1,0)

with the position angle H(al‘f(’)) increasing incrementally,

the balance position of the inner rotor 9810) can be

determined by (22), and the output torque 7., can

otal
out

be gotten from (23). The peak point of the 7i 0(1 0)

curve represents the maximum output torque of
MGPM-SAS. Obviously, the maximum output torque
is affected by the coefficients w; and w,, which are
both related to the magnitude of the injected ac
currents. It can also be derived from (23) that the

maximum value of T2 is possible to exceed the

maximum pull-out torque of its integrated MG which
is denoted by the coefficient w; in (23).

4 Simulation analysis

Simulation analysis of the investigated MGPM-
SAS is conducted by using two-dimensional finite
element method (2D-FEM). Its specifications are
listed in Table 1. The slots and winding connections
are given in Fig.9. The PPN of the inner rotor PM
poles and the outer rotor PM poles are 4 and 17,
respectively. Thus, according to (10) the gear ratio of
its integrated MG should be -4.25:1.

Table 1 Specifications of investigated MGPM-SAS
Number of ferromagnetic segments / armature slots 21
PPNs of inner rotor PM poles / armature windings 4

PPNs of outer rotor PM poles 17

Relative permeability of PMs 1.05
Remanence of PM poles/T 1.3

Material of stator and rotors 50H600

Number of Phases 3

Radius of outer rotor/mm 100

Length of inner air-gap / outer air-gap/mm 0.6
Stack length/mm 60
Thickness of outer rotor PM poles/mm 5
Thickness of inner rotor PM poles/mm 10
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Fig.9 Slots and winding connections

In order to find out the field coupling among
armature windings, inner rotor and outer rotor, field
analyses of MGPM-SAS are performed by 2D-FEM.
The magnetic fields excited by inner rotor (Case I),
outer rotor (Case II) and armature windings (Case III)
are analyzed in turn. Herein, the magnitude of the
currents /, is equal to 10.0 A. Fig.10 shows the flux
lines of the three cases. It can be observed from
Fig.10(a) that due to the effect of flux-focus caused by
the ‘V-shaped’ PMs in inner rotor, plenty of flux lines
can reach the outer rotor across the modulating ring.
As shown in Fig.10(b) and Fig.10(c), regardless of
case Il and case III, there are few flux lines going
through inner rotor. Fig.11, Fig.12, and Fig. 13 exhibit
the radial flux density waves in the middle of the two
air-gaps and their harmonic spectra in the three cases.
It can be seen from Fig.11 to Fig.13 that the dominant
harmonics in case I and IIl are those with PPN=4,
while the harmonics with PPN=17 play dominant

Fig.10 Flux lines: (a) case I: field excited by PMs on
inner rotor (b) case II: field excited by PMs on outer rotor
(c) case III: field excited by armature current
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roles in case II. For case I and III, these dominant
harmonics can interact with each other to achieve
stable energy conversion and this is how PM machine
I in MGPM-SAS works. Moreover, judging by
Fig.13(b), for armature windings, the amplitude of the
harmonics with PPN=17 in outer air-gap is the second
largest one. The harmonics can also couple with the
dominant ones generated by outer rotor to make a
contribution to stable energy conversion and this is
how PM machine II in MGPM-SAS works.

In order to figure out the performance of the two
integrated PM machines, the induced back EMF
waveforms are calculated. Firstly, the outer rotor PM
poles are removed, and the rotational speed of inner
rotor £;, is set as 425r/min. Consequently, the
calculated back EMFs of the armature windings are
illustrated in Fig.14. The horizontal axis represents

the inner rotor position, which is indicated as H(iﬂo)

in Fig.8. It can be observed that the magnitude and the
frequency of the induced back EMFs are 191.4V and
28.33Hz, respectively.

Secondly, the inner rotor PM poles are removed,
and the rotational speed of outer rotor €, is set as
—100r/min. Herein, the minus sign implies the outer
rotor revolves in clockwise direction. The calculated
back EMFs of the armature windings are illustrated in

Fig.15. The horizontal axis represents the outer rotor

position, which is indicated as ﬁtn) in Fig.8. It can

be known that the magnitude and the frequency of
the induced back EMFs are 64.8V and 28.33Hz,
respectively.

Thirdly, both the inner rotor PM poles and the
outer rotor PM poles are taken into account. The
rotational speeds of the two rotors are set as ©Q;,=425
r/min and Q,,=-100 r/min, respectively. The obtained
waveforms are presented in Fig.16, in which the
positions of the two rotors are indicated simultaneously.
It can be known that the magnitude and the frequency
of back EMFs induced by the two PM rotors are
223.7V and 28.33Hz, respectively.

The results of Fig.14, Fig.15, and Fig.16 are
quantitatively compared in Table 2. The frequencies
of waveforms in all three cases are the same and equal
to 28.33 Hz, which matches (12) very well. It also
demonstrates that the integrated PM machines I and 11
can achieve electromechanical energy conversion at
exactly the same pace. This is vitally important to the
effectiveness of the aforementioned parallel power-
flows in the MGPM-SAS. The total harmonic distortion
(THD) are also listed, which shows that the back EMF
waveforms induced by PM machine I is more sinusoidal
than those induced by PM machine II. The magnitude
of back EMFs induced by PM machine I is much
higher than that induced by PM machine II. This
implies the integrated PM machine I makes dominant
contribution to the electromechanical energy conversion
of the MGPM-SAS. By adding the results presented in
Fig.14 and Fig.15, the obtained magnitude of back
EMFs is equal to 256.2V. It is about 10% higher than
the magnitude of waveforms presented in Fig.16. This
is caused by the nonlinear characteristics of the iron
cores. If we assume the iron materials having linear
B-H characteristic in the FEM model, the calculation
results are also listed in Table 2. It can be found that
the results of ‘PM machine I+II’ are very close to
those of ‘MGPM-SAS’.
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Table 2 Results of calculated back EMFs

Model with nonlinear iron material

Magnitude/V Frequency/Hz THD(%)
PM machine I 191.4 28.33 3.69
PM machine II 64.8 28.33 5.07
PM machine I+I1 256.2 28.33 3.26
MGPM-SAS 223.7 28.33 3.05
Model with linear iron material (Assumed)
Magnitude/V Frequency/Hz THD(%)
PM machine I 214.8 28.33 3.42
PM machine IT 74.3 28.33 4.89
PM machine I+I1 289.1 28.33 3.01
MGPM-SAS 288.7 28.33 2.93
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The torque transmission capability of the integrated
MG is assessed. By locking the outer rotor at the

position gg“t)zo and rotating the inner rotor

incrementally, we can get the magnetic torque curves
as shown in Fig.17. The horizontal axis represents the
inner rotor position 9(1{10). It can be observed that the

shape of the two curves match (8) and (9) very well.
Moreover, the peak torque values on the inner rotor
and the outer rotor are 75.5N'm and 320.8N-m,
respectively, which means the coefficient w; in
(8)equals 75.5, and the coefficient w, in (9) equals
320.8.

The electromagnetic torque capabilities of the
two integrated PM machines are also assessed. Firstly,

the two rotors are locked at the positions 9(‘1“3) =0 and

(1 0 =0. Then, three-phase symmetrical AC currents

are injected into the armature windings. The magnitude
of the currents [, is equal to 10.0A. Finally, the
resulted torque-angle curves are obtained as shown in
Fig.18. The horizontal axis represents the position of
the armature field vector which is denoted by 9(1 0)

in Fig.8. It can be observed that the shape of the two
curves match (14) and (17) very well. The peak torque
values on the inner rotor and the outer rotor are
87.2N'm and 69.9N'm, respectively. This means that
the coefficient w; in (14) equals 87.2, and the
coefficient wy in (17) equals 69.9. It should be noted
that the two coefficients are strongly related to the
magnitude of the injected AC currents. Without
considering the saturation of the iron cores, if the
injected currents are increased, the resultingvalues of
the two coefficients will be higher.
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As far as the torque capability of MGPM-SAS is
concerned, the output torques on the outer rotor is
calculated when locating the armature field vector
at different positions. As shown in Fig.19, the
(i) =0-
and the armature field position 910) is increased

B
outer rotor is kept standstill at the position

from 0° to 45° step by step. The balance positions of
inner rotor 6 are determined by (22). The results

are also verified by using FEM, so as to make sure

that the total torque working on the inner rotor 7;" | is

otal
equal to zero. Finally, the output torque on the outer

rotor 7,2 can be obtained by using FEM. As indicated

in (20) and (21), 72 is composed of two parts, in

which T°Ut represents the electromagnetic torque
produced by the integrated PM machine II,
and 7\ refers to the magnetic torque transmitted by
the integrated MG. It can be observed that 7\ makes

out

dominant contribution to 7.0 , while 757 just plays a

total °
subsidiary role. Nevertheless, due to the existence of
T"“t, the MGPM-SAS is able to offer even higher

output torque than its integrated MG. As illustrated in
Fig.19, the maximum output torque on outer rotor
reaches 351.2N-m, which is about 10% larger than the
maximum output torque of the integrated MG shown
in Fig.17. In this case, the position angle of armature
field 9(10 and the corresponding balance position of

inner rotor 0(1 0) 1€ 34° and 20°, respectively. Therefore,

the spatial position relationship of these involved
magnetic field vectors can be illustrated by Fig.20.
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Fig.21 shows the calculated maximum output
torques when injecting different armature currents. It
can be observed that once the armature current is
higher than 8 A, the MGPM-SAS is able to go beyond
its integrated MG in terms of output torque capability.
It is worth noting that when I, is equal to 8A, the
maximum electromagnetic torque of PM machine Iis
just equal to the maximum magnetic torque I, which

is exerted on the inner rotor, and this is a cr1t1ca1 point.

It can be seen from the color rectangle that

out out ; out
Tgy approaches zero and 75\ is very close to 700,

Wthh indicates that all the power almost flows
through PM machine I and its integrated MG, then is
transmitted to the outer rotor. Apart from the critical
point, the two PM machine in MGPM-SAS work
together to evidently fulfill parallel-path power flows.
Especially when [,>8 A, it becomes more and more
remarkable that PM machine II makes a contribution
to the output torque.

5 Experimental verification

The investigated MGPM-SAS illustrated in Fig.5
and analyzed in section 4 is prototyped for experimental
verification. The photos of its key components, steel
laminations and the assembled test bed are shown in
Fig.22.

Firstly, keep the out rotor freely rotatable, and
drive the inner rotor by an induction motor. The
output speed of the driving motor is set as 425r/min.
Consequently, the resulting rotational speed of the
outer rotor shaft is equal to —100r/min, which can
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Fig.21 Maximum output torques on outer rotor when

injecting different armature currents

Test bed

Steel laminations

Fig.22 Prototype of investigated MGPM-SAS

match (10) very well. Fig.23 shows the measured back
EMF waveforms of the armature windings. It can be
observed that after the system enters stable stage, the
measured frequency and magnitude of the back EMF
are equal to 28.33Hz and 218.5V, respectively.
Compared with the simulation results illustrated in
Fig.16, it can be known that the measured frequency
is exactly the same with that obtained by FEM
calculation, moreover, the measured magnitude is
very close to the calculated one, and the latter is equal
to 223.7V.

Secondly, block the outer rotor and rotate the
inner rotor step by step, the measured magnetic torques
working on the inner rotor are shown in Fig.24(a).
After that, block the inner rotor and incrementally
rotate the outer rotor, the measured magnetic torques
working on the outer rotor are shown in Fig.24(b).
The calculated results are also presented in Fig.24 for
comparison. The measured peak torques on inner rotor
and outer rotor are 67.9N-m and 287.8N-m, respectively.
They are about 10 % less than the calculated results. It
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is well known that the 2D-FEM is incapable of taking
into account the field leakage occurring in the edges.
Therefore, the calculation results are usually higher
than the real values.

Thirdly, connect the output shaft of MGPM-SAS
to the induction motor, and feed the armature
windings with AC currents. The induction motor is
working as electric load of the MGPM-SAS. The
measured maximum output torque on the outer rotor
of MGPM-SAS at different armature currents are
given in Fig.25. It can be observed that the measured
results are close to the calculated values. Moreover,
the MGPM-SAS can output 321.4N-m with /,=10A,
which is higher than the measured peak torque
produced by the integrated MG. It demonstrates that
the parallel-power-flow—path allows the MGPM-SAS
having the possibility to offer even higher output
torque than its involved MG.

It is necessary to point out that the screws
sleeved by the white insulating tubes are used in the
prototype in Fig.22, so as to ensure the mechanical
strength of the modulating ring. Compared with
simulation models without screws, the magnetic
permittivity of the screws in the prototype is larger
than that of air in simulation models, and this may be
why there are little differences between the measured
and calculated results.

6 Conclusion

In this paper, the power flow paths existing in
MGPM-IAS, MGPM-OAS, and MGPM-SAS are
discussed. The MGPM-IAS has just one power flow
path and the torque capability is limited by the torque
transmission capability of integrated MG. Although
there exist parallel power flow paths in MGPM-OAS,
compared with MGPM-SAS, MGPM-SAS is better
suited to capitalize on the potential parallel path
power flows. As well, the interaction of electromagnetic
fields in MGPM-SAS is analyzed. The magnetic torque
transmission offered by the integrated MG, and the
electromechanical energy conversion achieved by the
integrated PM machine I and II are elaborated. Both
simulation calculations and experimental verifications
are conducted. The results demonstrate that the MGPM-
SAS has parallel-path power flows indeed and is able
to offer higher output torque than its integrated MG.
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