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Abstract: Consequent pole permanent magnet (CPPM) machines can improve the ratio of average
torque to PM volume, but suffer from more serious armature reactions. In this paper, the variations
of electromagnetic performance of surface-mounted PM (SPM), conventional CPPM machines, and
pole-shaped CPPM machines with armature reaction at currents up to 5 times overload are analyzed
and compared. The flux densities, flux linkages, back EMFs, inductances, torque characteristics, and
demagnetization withstand capabilities are analyzed by the finite element method (FEM) and frozen
permeability method. It is validated that the third order harmonics in inductances for CPPM machines
tend to be reduced as current rises since the saturation in iron pole is prone to reducing the saliency
effect. But the armature reaction tends to result in the increase of torque ripple components for all the
machines. It is also found that the overall torque ripple of asymmetric pole-shaped machine tends
to increase significantly under overload conditions. On the contrary, the symmetrical pole-shaped
machine can maintain a relatively stable torque ripple under overload conditions which is similar
to the SPM counterpart. Additionally, due to the large armature reactions, CPPM machines suffer
from weaker demagnetization withstand capabilities and weaker overload capabilities than their
SPM counterparts. Four CPPM prototypes with and without pole shaping are tested to confirm the
FEM analysis.

Keywords: armature reaction; consequent pole permanent magnet machine; electromagnetic
performance; finite element method; frozen permeability method

1. Introduction

As an important way of converting electrical energy to mechanical energy, electrical
machines have drawn much attention due to their zero-emission. The mechanical energy
quality is directly determined by electrical machines. For better use of energy, consequent
pole permanent magnet (CPPM) machine is widely investigated in recent years due to its
high torque density and low cost. In CPPM machines, alternate magnet poles are replaced
by iron poles. It has been pointed out that CPPM machines can largely save the amount
of magnet and improve the ratio of average torque to magnet volume [1,2]. However,
CPPM machines also have some problems, including high armature reaction and large
torque ripple.

Due to lower flux reluctance along the PM flux path and thus higher inductance,
the armature reactions in CPPM machines are more serious than those in conventional
surface-mounted PM (SPM) counterparts, which will inevitably lead to saturation problems
and result in performance variations. Refs. [3,4] found that consequent pole interior PM
machines have lower overload capacity than conventional pole IPM machines but without
deep analysis. In [5], the influence of armature current on the radial force in eccentric
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CPPM machines was investigated. A subdomain model was developed in [6] to predict
the armature reaction field in dual-stator CPPM machines. But the saturation is ignored in
the analytical model. Obviously, a high armature reaction will inevitably affect the torque
ripples for CPPM machines but hitherto without any comprehensive studies.

As for the suppression of torque ripple, pole shaping methods have been analyzed
in literatures. Based on an outer rotor CPPM machine with high pole numbers, ref. [7]
proposed a non-uniform air-gap profiling method that can reduce the torque ripple. A
six-phase machine was optimized to improve torque performance in [8]. However, the
torque ripple of the optimized machine is still larger than that of its SPM counterpart. The
pole-end barrier shape can also be optimized to reduce torque ripple as reported in [4,9].
The 3rd order harmonic is utilized in the magnet pole shaping in CPPM machines [10]
and the torque ripple can be suppressed. Refs. [11,12] validated that the asymmetric pole
shaping method is effective in suppressing the torque ripple for a 12-slot/8-pole (12s8p)
CPPM machine. This is followed by the investigation of the influence of slot/pole number
combinations as demonstrated in [13], where the CPPM machines are divided into two
groups according to the odd/even slot number for one phase in a submachine. It has
been validated that the asymmetric pole shaping is more suitable for CPPM machines
with odd slot number per phase in a submachine while the symmetrical pole shaping
is more suitable for CPPM machines with even slot number per phase in a submachine.
However, the influences of armature reaction on pole-shaped CPPM machines are not fully
investigated in all of these literature. To improve the mechanical energy quality, this paper
analyzes the influence of armature reaction on CPPM machines in detail.

In this paper, focusing on the electromagnetic energy conversion process, the perfor-
mances, including flux density, flux linkage, back EMF, inductance, torque, and demag-
netization withstand capability under different currents will be analyzed with the finite
element method (FEM). Frozen permeability method will be used to obtain the on-load
performances and torque components. The variation of waveforms, harmonics, and con-
tour in these performances will be investigated. In addition, the influence of armature
reaction on pole-shaped machines will be analyzed, which shows that the torque ripple of
the asymmetric pole-shaped machine will rise significantly as current increases, while that
of the symmetrical pole-shaped machine can be relatively stable.

This paper is arranged as follows. Firstly, the analyzed models, including conventional
SPM, conventional CPPM (CCPPM), and pole-shaped CPPM (PSCPPM) machines, will
be introduced in Section 2. Machines with 12s8p and 12s10p are selected in this paper for
analysis, which covers two groups of CPPM machines that have different performances
as has been clarified in [13]. In Section 3, the influences of armature reaction on CCPPM
are analyzed and compared with their SPM counterparts. Then, the performances of
PSCPPM machines will be investigated and discussed in Section 4. This is followed by
the experimental verification with four prototypes, i.e., 12s8p-CCPPM, 12s8p-PSCPPM,
12s10p-CCPPM, and 12s10p-PSCPPM machines in Section 5. Finally, important conclusions
will be highlighted in Section 6.

2. CPPM Model and Machine Topologies
2.1. CPPM Model

As shown in Figure 1, the flux circuits for SPM and CPPM machines are demonstrated.
Thus, the magnet fluxes for SPM machine ¢spps and CPPM machine ¢cppy can be obtained:

N ZFCPM (1)
$spm 2Rpm + 2R a6 + Rstator + Ryotor
FCpM
PcrPm = 2)

RPM, + 2RAG + Rstator + Rrotor/

where Fcpy, is the magnetic magnetomotive force (MMF) of PMs, Rag and R0 are the
flux reluctances in air-gap and stator, Rpy; and Rpy,” are the flux reluctances in the magnet
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for SPM and CPPM machines, respectively, and Ryotor and Ryotor” are the flux reluctances in
the rotor core for SPM and CPPM machines, respectively.

Rsttlmr Rstamr

1 1
L J

[|] Ry [|] Ryc I:l] Ry [] Ry

Reu [ Reu Re’
Fepy = Fepu—=— Fepy T
| [ R
(a) (b)
Figure 1. Flux circuit models for SPM and CPPM machines. (a) SPM. (b) CPPM.

’

Commonly, the flux reluctances in stator and rotor iron can be treated as 0 in the flux
circuit models since the saturation can be neglected. It has been proven that although the
magnetic MMF for CPPM machines is half of that for SPM machines, the flux reluctance is
also almost halved [2]. Consequently, the magnet fluxes for SPM machine ¢gpy; and CPPM
machine @cppys are almost the same. However, when the saturation cannot be neglected,
the flux reluctances in stator and rotor iron need to be considered, which will inevitably
result in the drop of magnetic flux for both SPM and CPPM machines. Depending on the
saturation level, the characteristics of the flux linkages under different load conditions
will be different for SPM and CPPM machines. Generally, the saturation levels for CPPM
machines are higher due to the higher armature reaction and inductance.

Apart from the fluxes produced by PMs, the inductances for CPPM machines are also
different from those of SPM machines. The average inductance value for CPPM machine
Lcppy is also larger than that of SPM counterpart Lgpys, which can be explained by the
following equations:

N2
L = 3
SPM 2RPM + ZRAG + Rstator + Rrotor ( )
N 2
Leppm = ‘ @)

RPM, + 2RAG + Rstator + Rrotorl

where N, is the number of turns per winding. Obviously, due to the lower flux reluctance
for CPPM machines, the inductance value is higher, which will lead to a larger armature
reaction and in turn lead to a relatively large variation range in inductance.

In addition, it has been validated in [13] that the harmonic components in winding
inductance for CPPM machines are highly dependent on the slot/pole number combination,
namely, the inductance contains odd order harmonics when there is an odd slot number
for one phase in a submachine, while the inductance only contains even order harmonics
when there is an even slot number for one phase in a submachine.

Since saturation due to armature reaction will lead to changes in flux and inductance,
the output torque will also be affected. The overall output torque T, can be considered as
being made up of three components: PM excitation torque Tpy, reluctance torque T, and
cogging torque T, and can be expressed by [14-16]:
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Te = Tpm + T + Tcog
. dyEM ] dyEM
Tpm = 3pig (ng + ) ~ 3pia (4’5M —
.. . odL . ndL
T, = $pigia(La — Lg) + %P(ldzTed +ig? deq)

AW, (6
T =~ 2440

©)

where ;"M and ;"M are the dg-axes PM fluxes, i; and i, are the dg-axis currents, L; and
L, are the dg-axes inductances, p is the pole pair number, W,(0) is the magnetic co-energy
solely due to PM flux linkage and amplitude invariant transformation matrix is used. It is
worth mentioning that the cogging torque T is a function of flux density and geometry
parameters [13], which are not the focus of this paper. Thus, it is not expanded. It is clear
that the PM flux linkage will affect the PM torque Tpps and the inductance will affect the
reluctance torque T,. The saturation will also influence on-load cogging torque [17]. It
is worth noting that although (5) is complex enough, it still cannot predict the on-load
torque ripple precisely even with on-load values of flux linkages and inductances. This is
because the dg-axis flux linkages and inductances are calculated from the integral of flux
densities under wound teeth area produced by PMs and unit current, respectively, which
cannot describe the influence of local saturations completely. However, local saturations
will definitely lead to torque ripples and are quite common under on-load conditions.
Therefore, the influences of armature reaction on magnetic flux, inductance, and torque
will be comprehensively analyzed by FEM with the frozen permeability method in the
following text.

2.2. Machine Topologies

According to the slot/pole number combinations, the CPPM machines can be divided
into two groups [14]. Therefore, in this paper, a CPPM machine with an odd slot number for
one phase in a submachine, 12-slot/8-pole (12s8p), and a CPPM machine with an even slot
number for one phase in a submachine, 12510p, are selected for demonstration, which is
denoted as conventional CPPM (CCPPM) machines, i.e., 12s8p-CCPPM and 12s10p-CCPPM
machines. As shown in Figure 2, to obtain the maximum average torque, the PM pole
arc ratios, i.e., the ratio of PM pole arc to pole pitch, for both 12s8p and 12s10p machines
are changed under a fixed amount of magnet and finally set as 1.2. For comparison, the
corresponding SPM machines will also be analyzed, namely 12s8p-SPM and 12s10p-SPM
machines. To further investigate the influence of armature reaction on pole shaping effect,
the 12s8p CPPM machine with asymmetric pole shape and the 12s10p CPPM machine with
symmetrical pole shape are also selected for investigation, which will be denoted as pole-
shaped CPPM (PSCPPM) machines, i.e., 12s8p-PSCPPM and 12s10p-PSCPPM machines.
With the key parameters summarized in Table 1, the relationships for these models are
illustrated in Figure 3. It is worth noting that the magnet volumes for CPPM machines are
the same and are half of SPM machines. Besides, the temperature of PM is set as 80 °C in
analysis of demagnetization performances while it is 20 °C for other performances.



Energies 2023, 16, 1982

8 200
Torque
L JE— Torque Ripple -
61 1508
g H Ve D
23] : =
. Vi
4 - 5 S - 100 2
s 3 ’ @
s 1 . ’ =
= 3 : Pid c
2 1%~ g - 50 S
1 -TT :
0 T T T 0
0.8 1 1.2 14 1.6
Current (A)
(a)
8 200
Torque
71 aca=. Torque Ripple ~
_ 61 : - 150 2
E : o
z3] B
241 : - 100 2
53 S
= =
2 1 - 50 ﬁ
1 -
(B —rm==== 10
0.8 1 1.2 14 1.6
Current (A)
(b)

Figure 2. Models for analysis in this paper. (a) Torque characteristics for 12s8p CCPPM machine.

(b) Torque characteristics for 12s10p CCPPM machine.

Table 1. Key Design Parameters of Analyzed Machines.

Parameter Machine
Machine type SPM CPPM
Slot/pole number 12/8 12/10 12/8 12/10
Phase number 3
Stator outer diameter 100 mm
Stator inner diameter 57 mm
Stator stack length 50 mm
Air-gap 1 mm
Yoke width 4.2 mm
Tooth width 8 mm
Rotor inner diameter 20 mm
Rated current 10 Ay
Rated speed 400 rpm
235 W (CCPPM) 254 W (CCPPM)
Rated power 280w 302w 232 W (PSCPM) 258 W (PSCPM)
Stator turns per coil 46
PM pole arc ratio 1.2 1
PM volume 29,441.0 mm? 14,720.5 mm?3
Magnet model N35
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Figure 3. Models for analysis in this paper.

3. Influence of Armature Reaction on CPPM Machines

In this section, the focus is on the influence of armature reaction on CCPPM and SPM
machines. Therefore, 12s8p-SPM, 12s8p-CCPPM, 12510p-SPM, and 12s10p-CCPPM are



Energies 2023, 16, 1982

7 of 40

analyzed and compared, while the 12s8p-PSCPPM and 12s10p-PSCPPM will be analyzed
in the next section to demonstrate the influence of armature reaction on pole shaping effect.

The frozen permeability method [18] in JMAG is employed to obtain the on-load
performances, including flux density, flux linkage, back EMF, inductance, and torque
components. This method can obtain the onload performances easily but is very time-
consuming. The calculation process can be briefly described as follows:

(1) The model runs under the load condition and the permeability of each mesh element
in iron part, including stator iron and rotor iron, at each time step is recorded.

(2) Then, the materials with those recorded permeabilities can be treated as linear at each
step and the model will be run again without current to obtain the on-load cogging
torque, flux density, PM flux linkage, and back EMF.

(3) With the same recorded permeabilities, the model will be run without magnets to
obtain the on-load reluctance torque. After that, the on-load PM torque can be obtained
by making the difference between the total torque and the other two components.

(4) With the same recorded permeabilities, unit direct current in one phase winding
is injected to obtain the flux linkage in each phase. Then, the inductances can be
obtained from (6) in abc-frame. Since the permeabilities are recorded under saturated
conditions, the calculated results are the inductances under saturated conditions.
Finally, the inductances in abc-frame will be transferred to dg-axes in Matlab.

b4

Iunit

L= (6)
where I, is the unit current, namely 1A, ¥ and L are the corresponding flux linkage and
inductance.

Several armature reaction conditions are selected as given in Table 2. Since the reluc-
tance torques for CPPM machines are too small to be utilized the current advanced angle is
set as 0 for all the conditions.

Table 2. Key Design Parameters of Analyzed Machines.

Case Speed (rpm) Peak Current (A)

Open circuit 0
10 (Rated)

20

On-load 400 30

40

50

3.1. Magnetic Flux Density Characteristics

With the frozen permeability method, the PM magnetic flux density in air-gap under
open circuit and on-load conditions are obtained as shown in Figures 4 and 5. Clearly,
as the current increases, the deformation of the waveform becomes more severe and the
amplitudes of fundamental flux densities show a decreasing trend. It can also be found
that the decrease of CCPPM is more pronounced than that of SPM, which is due to the
larger armature reaction that caused saturation for CCPPM machines.

The equal potential distributions for these machines under different current conditions
are demonstrated in Figures 6-9. It can be found that the PM fluxes can be shifted with the
current increase for all machines. Additionally, the fluxes of armature currents are mainly
concentrated on several teeth under light load conditions and tend to distribute on more
teeth as the current rises.
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Figure 4. Air-gap flux densities and spectra for 12s8p machines. (a) 12s8p-SPM. (b) 12s8p-CCPPM.
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Energies 2023, 16, 1982 9 of 40

Figure 6. Equal potential distributions for 12s8p-SPM. (from left to right: PM only, armature current
only, overall) (a) 0A. (b) 10A (c) 20A. (d) 30A. (e) 40A. (f) 50A.
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Figure 7. Equal potential distributions for 12s8p-CCPPM. (from left to right: PM only, armature
current only, overall) (a) 0A. (b) 10A (c) 20A. (d) 30A. (e) 40A. (f) 50A.
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Figure 8. Equal potential distributions for 12s10p-SPM. (from left to right: PM only, armature current

only, overall) (a) 0A. (b) 10A (c) 20A. (d) 30A. (e) 40A. (f) 50A.
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Figure 9. Equal potential distributions for 12s10p-CCPPM. (from left to right: PM only, armature
current only, overall) (a) 0A. (b) 10A (c) 20A. (d) 30A. (e) 40A. (f) 50A.
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3.2. PM Flux-Linkage and Back EMF Characteristics

Figures 10 and 11 show the amplitude variation of fundamental components (fun-
damental torque production harmonics) in phase A under different currents. Obviously,
armature reaction has a negative influence on the amplitudes of PM flux-linkage and corre-
sponding back-EMF for both SPM and CCPPM machines. Besides, the effects in the CPPM
machines are more significant as proved by the larger variation range in both PM flux
linkages and back EMFs. Figures 1215 show the d-/qg-axis flux linkages and back-EMFs. It
is clear that as the current rises, the amplitudes of harmonics are prone to increase, which
can result in larger PM torque ripples. It can also be seen that the g-axis PM flux linkages
and back-EMFs increase with the current increase, which means that the phase angles of
PM fluxes can be shifted by the saturation produced by the armature reaction.
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Figure 10. Amplitudes of fundamental harmonics in phase-A for 12s8p machines.
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Figure 11. Amplitudes of fundamental harmonics in phase-A for 12s10p machines.

Since the north and south poles are unbalanced for CPPM machines, there will ex-
ist even order harmonics in air-gap flux densities and thus in flux linkages and back
EMFs [11,12]. These even order harmonics in ABC-axes will be converted to the harmonics
with multiples of three in d-/q-axis. As a dominant harmonic in d-/g-axis, the 3rd order
harmonic will be emphasized in this paper. It should be noted that there exist 3rd order
harmonics in 12s8p-CCPPM machine, while there are no 3rd order harmonics in 12s8p-
SPM machine. However, there are no 3rd order harmonics in both 12s10p-CCPPM and
12510p-SPM machines, which is due to the compensation effect of winding connection in
12510p-CCPPM.
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Figure 12. Flux linkages and spectra for 12s8p machines. (a) D-axis flux linkage of 12s8p-SPM.
(b) Q-axis flux linkage of 12s8p-SPM. (c) D-axis flux linkage of 12s8p-CCPPM. (d) Q-axis flux linkage
of 12s8p-CCPPM.
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Figure 13. Flux linkages and spectra for 12s10p machines. (a) D-axis flux linkage of 12s10p-SPM.
(b) Q-axis flux linkage of 12s10p-SPM. (c) D-axis flux linkage of 12s10p-CCPPM. (d) Q-axis flux
linkage of 12s10p-CCPPM.
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Figure 14. Back-EMFs and spectra for 12s8p machines. (a) D-axis back-EMF of 12s8p-SPM.
(b) Q-axis back-EMF of 12s8p-SPM. (c) D-axis back-EMF of 12s8p-CCPPM. (d) Q-axis back-EMF
of 12s8p-CCPPM.
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Figure 15. Back-EMFs and spectra for 12s10p machines. (a) D-axis back-EMF of 12s10p-SPM.
(b) Q-axis back-EMF of 12s10p-SPM. (c) D-axis back-EMF of 12s10p-CCPPM. (d) Q-axis back-EMF of

12510p-CCPPM.
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3.3. Inductance Characteristics

Figures 16-19 show the inductance characteristics for 12s8p and 12s10p machines.
Obviously, with the increase of current, the average values for all of these four machines
decrease and for each machine, L, has a larger variation range than L, since the armature
reaction mainly acts on the g-axis. Since the unbalanced features between north and
south poles can be linked to windings for 12s8p-CCPPM machine, there exist harmonics
in multiples of three. On the contrary, the 12s10p-CCPPM can overcome the unbalanced
feature in CPPM rotor and it has the same harmonic contents as the 12s10p-SPM machine.
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Figure 16. Inductances and spectra for 12s8p SPM machine. (a) Ly. (b) L;. (c) Lg-Lg.
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Figure 17. Inductances and spectra for 12s8p CCPPM machine. (a) Ly. (b) Lg. (c) Lz-Ly.

Commonly, a higher armature reaction tends to result in higher pulsation in inductance,
which can be seen in the amplitudes of 6th order harmonics in L; and L, for all the machines.
However, the dominant 3rd order harmonics for 12s8p-CCPPM machine are smaller with
the current increase, which leads to its decreasing trend of the overall fluctuation in
inductance waveforms. This is because the saturation in iron pole can reduce the unbalance
permeability between PM and iron poles in the rotor, which is the source of the dominant
third-order harmonics in L; and L, [12]. Consequently, the overall fluctuation in differences
between L; and L for 12s8p-CCPPM machine shows a decreasing trend while an increasing
trend can be seen in other machines. However, the reluctance torque is proportional to the
square of the current. Therefore, the overall reluctance torque ripple still shows a rising
trend with the current increase.
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Figure 18. Inductances and spectra for 12s10p SPM machine. (a) Ly. (b) Lg. (c) Lg-Lg.

3.4. Torque Characteristics

Supposing the torque ripple T}, is the ratio of peak to peak value to average value,
the average torque and torque ripples are shown in Figure 20. Clearly, the differences
between the average torques of SPM machines and those of CCPPM machines become
larger with the increase of current, which indicates that CCPPM machines suffer from
higher armature reactions and thus higher saturation levels. Figure 21 shows the torque
ripple spectra for these machines. It can be found that only 12s8p-CCPPM has the 3rd
order torque ripple and the dominant 3rd order torque ripple increases significantly as the
current rises.

To analyze the torque ripple, Figure 22 shows the peak to peak values of torque
components under different current conditions. Generally, all of the PM torque ripples,
reluctance torque ripples, and cogging torque ripples increase as the current rises for all the
machines. The unevenly distributed local saturation leads to fluctuating growth. Besides,
the phase differences between torque ripple components result in the uneven growth of
peak to peak value of overall torque. Considering the increased average torque, T}y for
different machines have different trends as shown in Figure 20.
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Figure 19. Inductances and spectra for 12s10p CCPPM machine. (a) Ly. (b) L. (c) Lg-L;.

3.5. Demagnetization Analysis

Due to the larger armature reaction for CPPM machines, the demagnetization with-
stand capabilities of CPPM machines are weaker than those of SPM counterparts. To
analyze the demagnetization withstand performances under the worst scenario, the tem-
peratures of magnets are set as 80 °C in this part with the B-H curve presented in Figure 23.
In the normal B-H curve, 0.3T is set as the knee point, which means that the areas can
be treated as demagnetized when their flux density is below 0.3T. In addition, it is worth
noting that the negative d-axis current is injected in this part.

Supposing the demagnetization area ratio is defined as the demagnetized PM area to
the whole PM area, the magnetic fields along the magnetization direction, namely the radial
direction, in PMs for four machines are analyzed as the results shown in Figures 24 and 25.
It can be seen that under light load conditions, the demagnetization area ratios for both SPM
and CCPPM machines are 0. However, when the current is larger, the demagnetization
area ratios for CCPPM machines increase significantly while those for SPM machines
still maintain a low level. This indicates that the CCPPM machines suffer from weaker
demagnetization withstand capabilities.
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Figure 20. Average torques and torque ripples for SPM and CCPPM machines. (a) 12s8p machines.
(b) 12s10p machines.
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Figure 21. Torque ripple spectra for SPM and CCPPM machines. (a) 12s8p-SPM. (b) 12s8p-CCPPM.
(c) 12s10p-SPM. (d) 12s10p-CCPPM.
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Figure 22. Peak to peak values of torque ripples for SPM and CCPPM machines. (a) 12s8p-SPM.
(b) 1258p-CCPPM. (c) 12510p-SPM. (d) 12510p-CCPPM.
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Figure 24. Demagnetization area ratios with negative D-axis current. (a) 12s8p machines. (b) 12s10p
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Figure 25. Demagnetization area distribution in magnets under I;=—50A. (a) 12s8p-SPM. (b) 12s8p-

CCPPM. (c) 12510p-SPM. (d) 12510p-CCPPM.

3.6. Section Summary

In this section, the influences of armature reaction of SPM and CPPM machines on
various performances are analyzed and compared. Compared with SPM machines, the
CPPM machines suffer from larger armature reaction, thus leading to a more serious drop
of flux linkage and back EMF with the increased current. In addition, CPPM machines
have lower average torque under heavy load conditions and higher demagnetization area.
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4. Influence of Armature Reaction on Pole Shaping Effect for CPPM Machines
4.1. Magnetic Flux Density Characteristics

In this section, the asymmetric pole-shaped 12s8p CPPM machine and the symmetrical
pole-shaped 12s10p CPPM machine are analyzed. As shown in Figure 26, the flux density
waveforms distort with a higher current injected although it is not so obvious. However, as
for the spectra, it is obvious that the amplitudes of fundamental harmonics drop with the
increase of current, while the amplitudes of harmonics show different trends, which are
caused by various local saturation conditions under different currents. Besides, the equal
potential distributions are demonstrated in Figures 27 and 28. Similar to CCPPM machines,
PM fluxes and armature current fluxes will be shifted as the current increases.

4.2. PM Flux-Linkage and Back EMF Characteristics

Figures 29 and 30 present the flux linkages and back EMFs for two PSCPPM machines,
respectively. Obviously, a larger injected current can lead to larger deformation in flux
linkage and back EMF waveforms, which means higher harmonic amplitudes, especially
for the ¢, and Uy. This is mainly because the g-axis part in iron has relatively low flux and
it is easier to be affected by the saturation due to the steeper slope in B-H curve. The same
as SPM and CCPPM machines, the drop and rise trends of amplitudes in d-/g- axis average
values indicate the phase shift of magnet flux due to the armature reaction.
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Figure 26. Flux densities and spectra of two PSCPPM machines. (a) 12s8p-PSCPPM. (b) 12s10p-
PSCPPM.
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Figure 27. Equal potential distributions for 12s8p-PSCPPM. (from left to right: PM only, armature
current only, overall) (a) 0A. (b) 10A (c) 20A. (d) 30A. (e) 40A. (f) 50A.
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®

Figure 28. Equal potential distributions for 12s10p-PSCPPM. (from left to right: PM only, armature
current only, overall) (a) 0A. (b) 10A (c) 20A. (d) 30A. (e) 40A. (f) 50A.
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Figure 29. Flux linkages and spectra of two PSCPPM machines. (a) D-axis flux linkage of 12s8p-
PSCPPM. (b) Q-axis flux linkage of 12s8p-PSCPPM. (c) D-axis flux linkage of 12s10p-PSCPPM.
(d) Q-axis flux linkage of 12s10p-PSCPPM.
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Figure 30. Back EMFs and spectra of two PSCPPM machines. (a) D-axis back-EMF of 12s8p-PSCPPM.
(b) Q-axis back-EMF of 12s8p-PSCPPM. (c) D-axis back-EMF of 12s10p-PSCPPM. (d) Q-axis back-EMF

of 12s10p-PSCPPM.
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4.3. Inductance Characteristics

Similar to CCPPM machines, the increase in current will result in drops in average
and 3rd order harmonic amplitudes, while increases in the 6th order harmonic amplitudes
as illustrated in Figures 31 and 32. Such harmonics will lead to different characteristics in
reluctance torque ripples for these machines.
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Figure 31. Inductances and spectra of 12s8p-PSCPPM machine. (a) Ly. (b) Ly. () Lg-Ly.

4.4. Torque Characteristics

For the 12s8p-PSCPPM machine, ideally, reluctance torque is proportional to the
square of the current, while PM torque is proportional to the current, as can be seen in
Figure 33b with current under 20A. When the current is higher than 20A, saturation will
suppress the improvement of both reluctance and PM torques. Since the 12s8p-PSCPPM
machine is optimized under rated condition (10A) and torque ripple components can
counteract each other at this condition, the different variations of amplitudes and phase
angle for PM, reluctance, and cogging torques will inevitably lead to the fact that the torque
ripple components cannot be completely canceled. Therefore, when the current is higher
than 10A, the torque ripple increases significantly, Figure 33.
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Figure 32. Inductances and spectra of 12s10p-PSCPPM machine. (a) Ly. (b) Ly. (c) Ly-Lg.

However, for the 12s10p-PSCPPM machine, the unbalance of CPPM rotor can be
eliminated and the performance is quite similar to the 12s10p-SPM counterpart. Therefore,
the reluctance torque ripple is small and does not need to be considered under light load
conditions. But under heavy load conditions, the reluctance torque increased slightly as
shown in Figure 34b, which origins from the saturation caused by the armature reaction.
Overall, as shown in Figure 34, the variations of peak to peak values for torques are much
smaller and the torque ripple T,y is relatively stable with the current increase.

Generally, the higher current will cause the increase of all the torque ripple components,
including PM torque, reluctance torque, and cogging torque, which in turn contribute to
the increase of overall torque ripple, namely the quality of mechanical energy is degraded.

4.5. Demagnetization Analysis

With 80 °C and negative d-axis current, the demagnetization performances for two
PSCPPM machines are demonstrated in Figure 35 where the magnetic fields along the
magnetization direction in PMs are analyzed. As shown in Figure 36, it is evident that
for two PSCPPM machines, the demagnetization areas are quite large even with a large
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equivalent airgap length, which means the weaker demagnetization withstand capabilities,
compared with the SPM counterparts shown in Figure 25.

4.6. Section Summary

In this section, the influences of armature reaction of PSCPPM machines are analyzed.
It can be found that the overall variation trend is similar to that of CCPPM machines,
including flux linkage, back EMF, inductance, and demagnetization. However, as for the
torque ripple reduction capability, the 12s8p-PSCPPM can only minimize the torque ripple
under rated working condition while the torque ripple of 12s10p-PSCPPM machine is
relatively stable with the current increase.

5. Experimental Results

To validate the FEM analysis results, four prototypes, namely 12s8p-CCPPM, 12s8p-
PSCPPM, 12510p-CCPPM, and 12510p-PSCPPM, are manufactured and tested, Figure 37.
The experiment test rigs are demonstrated in Figure 38 where the dynamic platform is used
for testing on-load torques and back EMFs, while the static platform is used for testing
cogging torques and inductances.
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Figure 33. Torque characteristics of 12s8p-PSCPPM machine. (a) Average torque and torque ripple.
(b) Peak to peak value of torque components. (c) Overall torque ripple spectra. (d) Phases of dominant
3rd order torque harmonics.
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Figure 34. Torque characteristics of 12s10p-PSCPPM machine. (a) Average torque and torque ripple.
(b) Peak to peak value of torque components. (c) Overall torque ripple spectra. (d) Phases of dominant
6th order torque harmonics.
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Figure 35. Demagnetization area ratios negative d-axis current. (a) 12s8p-PSCPPM. (b) 12s10p-

PSCPPM.
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Figure 36. Demagnetization area distribution under I;=—50A. (a) 12s8p-PSCPPM. (b) 12s10p-
PSCPPM.

(b)

Figure 37. Manufactured prototypes. (a) 12s8p (left) and 12s10p (right) stators. (b) Rotors (from left
to right: 12s8p-CCPPM, 12s8p-PSCPPM, 12510p-CCPPM, 12510p-PSCPPM).
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Figure 38. Test rigs. (a) Dynamic platform. (b) Static platform.

5.1. Test with Static Platform

The method proposed in [19] is employed to test the cogging torques. Figures 39-42
compare the experimental and FEM results under open circuit condition. In
Figures 40 and 42, it can be seen that the predicted inductances are always a little bit
higher than that for tested results. This is largely a consequence of the fact that the end flux
leakages are neglected in 2-D FEM. In fact, the flux leakage caused by the end effect will
increase the flux reluctance and thus leading to lower inductance. In addition, since the pro-
totype is handmade and the test rig will cause noise in the transient torque, there are small
errors in cogging torques and inductances but the waveform shape is consistent. Overall,
the experimental results agree well with FEM results, which validates the effectiveness of
FEM results.
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Figure 40. Inductance waveforms and spectra of 12s8p machines.
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Figure 41. Cogging torque waveforms and spectra of 12s10p machines.
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5.2. Test with Dynamic Platform

With torque transducer and reader in the dynamic platform, the on-load torque
waveforms for these four machines can be obtained as demonstrated in Figures 43 and 44.
It can be found that the tested torque ripples for two PSCPPM machines are a little larger
than the FEM results, which is mainly due to assembly deficiencies and measurement errors
etc., but the trend is in good agreement with the FEM results.
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Figure 43. On load performances of 12s8p machines. (a) Back EMFs. (b) Rated torques (10A).
(c) Torque performances under different current.
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Figure 44. On load performances of 12s10p machines. (a) Back EMFs. (b) Rated torques (10A).
(c) Torque performances under different current.

Limited by the controller and the test rig, the prototype machines can only work
with a maximum current of 10A. Consequently, Figures 43c and 44c only show the torque
performances under 10A. Obviously, with these conditions, the saturation caused by
armature reaction is not serious thus leading to almost linear torque-current relationships.
Although the high saturation conditions of prototypes cannot be tested, good agreement
between experimental and FEM results in this section can be witnessed, which confirms
that the FEA results can predict the performances accurately. Therefore, the overload
performances predicted by FEA in Sections 3 and 4 are credible and are indirectly verified
by the experiments.

6. Conclusions

Focusing on the electromagnetic and mechanical energy conversion process, this paper
investigates the influence of armature reaction in CPPM machines. Six machines with 12s8p
and 12s10p are selected to demonstrate the influence of armature reaction. Firstly, SPM
and CCPPM machines are compared to show the general influence of armature reaction on
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CPPM machines. It is found that the amplitudes of the 3rd order inductance harmonics
reduce in 12s8p-CCPPM machine with the increase of current, but the overall torque ripples
still show an increasing trend. Then, the influences of armature reaction on pole-shaped
machines are analyzed, which shows that the 12s8p-PSCPPM machine can only achieve
low torque ripple, namely high-quality mechanical energy, in a small range around the
rated working condition, while the 12s10p-PSCPPM machine can achieve much lower
torque ripple in a wide range. In addition, it is also found that CPPM machines suffer
from weaker demagnetization withstand capabilities and weaker overload capabilities than
SPM counterparts due to the large armature reactions. The FEM results are validated by
experimental results with four prototypes.
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