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ABSTRACT

This paper proposes a multi‐torque component decomposition method combining with frozen permeability method, and for the

first time, accurately decomposes six torque components of dual‐PM (DPM) machines. Based on the decomposition results, the

characteristics of torque components are investigated. It is found that for average torque, the components generated by armature

field interacting with PM fields and iron cores have positive contributions, while the components generated by the interactions

between stator PMs, rotor PMs, and iron cores have negative contributions and are affected by magnetic saturation. The phases

of torque ripple of torque components are different, resulting in a low resultant torque ripple of DPM machines. Moreover, for

cogging torque, the component generated by the interaction between stator PMs and rotor PMs is the major source, and the

components generated by the interactions between PMs and iron poles have a cancelling effect. Finally, a DPM machine is

prototyped and tested to verify the analyses.

1 | Introduction

As the requirements for machine torque density become

higher and higher, field modulated and magnetically geared

permanent magnet (PM) machines have gained increasing

attention [1]. Based on the position of PMs, the field modu-

lated and magnetically geared PM machines are usually

classified into two categories, that is, stator‐PM machines [2–

4] and rotor‐PM machines [5–7]. To achieve further torque

improvement, dual‐PM (DPM) machines combining stator‐PM

machines and rotor‐PM machines are proposed and investi-

gated [8]. In DPM machines, the PMs are located in both

salient stator and rotor, so that the field modulation effect

and magnetic gearing effect can be achieved from both stator

and rotor sides.

In 1995, a DPM machine was proposed for the first time in ref.

[8]. The stator used open slots with tooth tips and overlapping

distributed windings, and PMs were put in slot openings. The

rotor was a consequent‐pole structure. Based on this typical

topology, many novel DPM machines were proposed to achieve

further torque improvement. For the stator side, the multi‐tooth

configuration with non‐overlapping concentrated windings was

used to reduce the length of end windings and increase the gear

ratio by increasing the pole numbers of stator and rotor [9–12].

Spoke‐type [13, 14] and Halbach [15] PM arrangements were

used to enhance the stator PM field, and DC field windings were

used to realise hybrid excitation and improve the flux weak-

ening performance [16, 17]. For the rotor side, V‐type [18],

spoke‐type [13], and Halbach [9, 19] consequent‐pole PM ar-

rangements were used to enhance the rotor PM field. In ref.
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[20], DPM machines with another set of armature windings in

the rotor were proposed to improve torque density and fault

tolerant capability.

In addition to topological innovations, the field modulation and

magnetic gearing effects and the torque production mechanism

of DPM machines were also investigated in refs. [21–25]. The

torques generated by stator PMs and rotor PMs were quantified

in refs. [23, 24]. In ref. [25], the significance of torque contri-

butions of stator PMs and rotor PMs were investigated and

found to be determined by the relationship between stator and

rotor pole numbers. In most existing literature, the torque

components of DPM machines are typically considered to

consist of only two components generated by the armature field

interacting with the stator and rotor PMs. The field modulation

and magnetic gearing effects, as commonly used analytical

techniques for analysing the torque generation mechanism of

field modulated and magnetically geared PM machines, can

only analyse these two components. However, compared with

the single‐PM machines, DPM machines have very complicated

torque components due to multiple magnetic field excitations.

For example, the torque component generated by the attraction

and repulsion between the stator PMs and the rotor PMs only

exists in DPM machines, which has not been reported and

investigated. The torque components of DPM machines have

not been identified, and the method to accurately decompose

the torque components is still absent. This may result in low

accuracy for investigating torque characteristics of DPM

machines.

On the other hand, since the frozen permeability method is able

to consider the magnetic saturation effect, it is applied to

decompose torque components of various types of PM machines

[26, 27].

Therefore, this paper proposes a multi‐torque component

decomposition (MTCD) method combining with frozen

permeability method. The frozen permeability method is

incorporated into the proposed method to consider the mag-

netic saturation effect and improve the accuracy. This paper, for

the first time, accurately decomposes six torque components of

DPM machines and reveal the torque production mechanism

from the perspective of interaction between magnetic fields and

iron cores. Moreover, the characteristics of torque components

under different conditions are analysed after decomposing the

torque components by the proposed method. It is found that the

components generated by armature field interacting with PM

fields and iron cores contribute positively to average torque,

whereas the components generated by the interactions between

stator PMs, rotor PMs, and iron cores contribute negatively to

average torque and are affected by magnetic saturation. The

torque ripple phases of various torque components are

different, resulting in a low resultant torque ripple of DPM

machines. The component generated by the interaction be-

tween stator PMs and rotor PMs is the major source of the

cogging torque, and the components generated by the in-

teractions between PMs and iron poles tend to counteract the

cogging torque.

This paper is organised as follows. In Section 2, the machine

topology and operation principle of DPM machines are

introduced. In Section 3, the torque components generated by

interactions of different magnetic fields and iron cores are

illustrated and the MTCD method combining with frozen

permeability method is introduced. In Section 4, the charac-

teristics of torque components in cogging torque and on‐load

torque with different armature currents are investigated. In

Section 5, a DPM machine is prototyped and tested to validate

the analyses. Finally, the conclusions are presented in Section 6.

2 | Machine Topology and Operation Principle

Figure 1 shows a DPM machine having 12 pole‐pair‐stator and

10 pole‐pair‐rotor to demonstrate the typical machine topology.

For stator side, the PMs are put in slot openings. For rotor side,

the PMs are placed between the iron poles, forming a

consequent‐pole rotor. The PMs are all magnetised in the radial

direction. All PMs have the same polarity to achieve high torque

density. The iron poles in stator and rotor are modulators which

modulate the rotor PM field and stator PM field, respectively.

The DPM machines operate based on field modulation effect

and magnetic gearing effect from both stator and rotor sides.

The operation principle can be descripted as follows.

The flux leakage, fringing effect, and magnetic saturation of

stator and rotor iron cores are all ignored for simplicity. The

magnetomotive forces (MMFs) of stator PMs and rotor PMs are

defined as follows:

FSPM(θ) =∑∞
i=1

FSPMi cos(ipSθ) (1)

FRPM(θ, t) = ∑∞
k=1

FRPMk cos[kpR(θ − ωRt)] (2)

The airgap permeances of slotted stator and rotor are

PS(θ) =∑∞
j=0

PSj cos(jpSθ + π) (3)

PR(θ, t) = ∑∞
m=0

PRm cos[mpR(θ − ωRt) + π] (4)

where ωR is the mechanical angular velocity of rotor, pS and pR
are the pole‐pair numbers of stator and rotor PMs, and FSPMi,

FIGURE 1 | Demonstration of DPM machines.
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FRPMk, PSj and PRm are the amplitudes of PM MMFs and airgap

permeances of stator and rotor, respectively. The integers, i, j, k

and m, represent the orders of harmonics.

The stator PM field and rotor PM field are modulated by rotor

iron poles and stator iron poles, respectively. According to the

MMF‐permeance model, the open‐circuit airgap flux density is

the product of PM MMF and airgap permeance and can be

obtained as follows:

BPM(θ, t) = FSPM(θ)PR(θ, t) + FRPM(θ, t)PS(θ)

=
1

2
∑∞
i=1

∑∞
m=0

FSPMiPRm cos(ipS ±mpR)(θ ∓
mpRωRt

ipS ±mpR
)

+
1

2
∑∞
k=1

∑∞
j=0

FRPMkPSj cos(kpR ± jpS)(θ −
kpRωRt

kpR ± jpS
)

(5)

The armature windings are fed by 3‐phase sinusoidal currents

which can be expressed as follows:

⎧⎨
⎩
ia(t) = Iph sin(paωat)
ib(t) = Iph sin(paωat − 2π/3)
ic(t) = Iph sin(paωat − 4π/3) (6)

where Iph is the amplitude of phase current, ωa is the mechan-

ical angular velocity of armature field, and pa is the armature

pole‐pair number.

Hence, the armature MMF is

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Fa(θ, t) =∑∞
v

FAv sin (vpaθ ± paωat)
FAv =

3NphIphkwvpa
πvpa

v = |6n ± 1|, n = 0, 1, 2,…

(7)

where Nph is the number of turns per phase, v and n are the

integer numbers, and kwvpa is the winding factor of vpa pole‐pair

harmonics.

Similar to the PM field, the airgap flux density produced by

armature MMF can also be obtained by the MMF‐permeance

model as follows:

Ba(θ, t) = Fa(θ, t)Pairgap(θ, t) (8)

In DPM machines, the stator and rotor are slotted and the slot

openings cannot be neglected, and thus, they are doubly salient

structure. The armature MMF is modulated by both stator and

rotor iron poles. The airgap permeance considering slot effect of

both stator and rotor is [21]

Pairgap(θ, t) ≈ PS(θ)PR(θ, t)μ0/g (9)

Hence, the airgap flux density produced by armature MMF is

defined as follows:

Ba(θ, t) = Fa(θ, t)PS(θ)PR(θ, t)μ0/g

=
μ0

4g
∑∞
v

∑∞
j=0

∑∞
m=0

FAvPSjPRm sin [(vpa ± jpS ±mpR)
(θ ± paωa ±mpRωR

vpa ± jpS ±mpR
t)]

(10)

The harmonic characteristics of PM field and armature field are

summarised in Table 1.

To generate average torque, the armature field and PM field

should have the same pole‐pair number and mechanical angular

velocity. Hence, for DPM machines, the following equations

should be satisfied:

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

ipS ±m1pR = vpa ± jpS ±m2pR

m1pRωR

ipS ±m1pR
=

paωa ±m2pRωR

vpa ± jpS ±m2pR

v = |6n ± 1|,n = 0, 1, 2,…

i, j,m1,m2 = 0, 1, 2,…

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

kpR ± j1pS = vpa ± j2pS ±mpR

kpRωR

kpR ± j1pS
=

paωa ±mpRωR

vpa ± j2pS ±mpR

v = |6n ± 1|,n = 0, 1, 2,…

k, j1, j2,m = 0, 1, 2,…

(11)

In DPM machines, the stator PM field and rotor PM field are

modulated by rotor iron poles and stator iron poles, respectively,

and the armature field is modulated by both stator and rotor

iron poles. This is the production mechanism of the torque

components generated by the armature field interacting with

the stator and rotor PMs from the perspective of field modula-

tion effect. Other torque components of DPM machines are

difficult to quantify by analytical techniques.

In this paper, by way of example, the investigations are car-

ried out on a 12 pole‐pair‐stator and 10 pole‐pair‐rotor DPM

machine. The 3‐phase currents under zero d‐axis (id = 0)

current control are applied in the 2‐pole‐pair armature

windings. The cross section and open‐circuit field distribution

are shown in Figure 2, and the parameters are listed in

Table 2.

TABLE 1 | Harmonic characteristics of PM and armature fields.

Pole pairs
Mechanical angular

velocity

PM field ipS ± mpR
mpRωR

ipS ±mpR

kpR ± jpS
kpRωR

kpR ± jpS

Armature

field

vpa ± jpS ± mpR
paωa ±mpRωR

vpa ± jpS ±mpR
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3 | Torque Component Decomposition

In DPM machines, there are three magnetic field excitations

(stator PMs, rotor PMs and armature windings) and two iron

cores (stator and rotor). All these magnetic fields and iron cores

may interact with each other to generate torque. Hence, the tor-

que components of DPM machines are more complicated than

those of single‐PM machines. The interactions of different mag-

netic fields and iron cores can be illustrated in Figure 3, and the

resulting torque components are listed in Table 3.

Hence, accounting for all the interactions of different magnetic

fields and iron cores, the torque of DPM machines consists of 6

components, and can be expressed as follows:

TDPM = TSPM−I + TRPM−I + TSPM−RPM + TSPM−Rotor

+ TRPM−Stator + TRel
(12)

The torque components TSPM− I and TRPM− I are generated by the

armature field interacting with the stator PM field and the rotor

PM field based on the field modulation and magnetic gearing

effects, respectively.

The torque components TSPM−Rotor and TRPM− Stator can be

considered as the cogging torques generated by the attractive

force between the stator PMs and the rotor iron poles, and the

attractive force between the rotor PMs and the stator teeth,

respectively. Similarly, the torque component TSPM−RPM can be

considered to be generated by the attractive force between the

stator PMs and the rotor PMs.

It should be noted that the torque component generated by the

armature field interacting with the rotor iron core is the reluc-

tance torque, and thus, represented by TRel. Although the

average value of reluctance torque may be trivial since DPM

machines usually operate under zero d‐axis (id = 0) current

control, the instantaneous value of the reluctance torque has a

non‐negligible effect on the actual torque ripple.

FIGURE 2 | Investigated DPM machine. (a) Topology. (b) Open‐

circuit field distribution.

TABLE 2 | Parameters of DPM machine.

Parameter Value

Number of rotor pole pairs 10

Number of stator pole pairs 12

Number of armature pole pairs 2

Turns per phase 192

PM remanence (T) 1.2

Slot fill factor 0.5

Rotating speed (r/min) 240

Rated current (A) 8.2

Rated torque (Nm) 14.7

Airgap length (mm) 0.5

Lamination length (mm) 50

Stator outer diameter (mm) 100

Stator inner diameter (mm) 64

Yoke thickness (mm) 4.8

Tooth width (mm) 4.7

Slot opening (mm) 2.7

Tooth tip thickness (mm) 0.7

Stator PM thickness (mm) 2.7

Stator PM pole arc (deg.) 17.1

Rotor PM thickness (mm) 3.7

Rotor PM pole arc (deg.) 18.4

FIGURE 3 | Illustration of interactions of different magnetic fields

and iron cores.

TABLE 3 | Torque components of DPM machines.

Description

TSPM− I Stator PM field interacts with armature field

TRPM− I Rotor PM field interacts with armature field

TSPM−RPM Stator PM field interacts with rotor PM field

TSPM−Rotor Stator PM field interacts with rotor iron core

TRPM− Stator Rotor PM field interacts with stator iron core

TRel Armature field interacts with rotor iron core

4 of 11 IET Electric Power Applications, 2025
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3.1 | Without Using Frozen Permeability Method

Based on above analyses, a MTCD method using finite element

analysis (FEA) is proposed to separate all torque components of

DPM machines. Figure 4 shows the flow chart of the MTCD

method. Firstly, the MTCD method without using frozen

permeability method is investigated, that is, the part without the

red lines in Figure 4. Each step can be introduced in detail as

follows.

Step 1: The on‐load FEA of the DPM machine is performed to

obtain the actual torque of the DPM machine.

T1 = TDPM (13)

Step 2: The rotor PMs are removed, and the on‐load FEA of the

resulting stator‐PM machine is performed. The obtained torque

contains three components generated by the interactions of

armature field, stator PM field, and rotor iron core.

T2 = TSPM−I + TSPM−Rotor + TRel (14)

Step 3: The stator PMs are removed, and the on‐load FEA of the

resulting rotor‐PM machine is performed. The obtained torque

contains three components generated by the interactions of

armature field, rotor PM field, and stator and rotor iron cores.

T3 = TRPM−I + TRPM−Stator + TRel (15)

Step 4: The stator and rotor PMs are removed, and the on‐load

FEA of the resulting no‐PMmachine is performed. The obtained

torque contains one component generated by the interactions of

armature field and rotor iron core.

T4 = TRel (16)

Step 5: The no‐load FEA of the DPMmachine is performed. The

obtained torque contains three components generated by the

interactions of stator PM field, rotor PM field, and stator and

rotor iron cores.

T5 = TSPM−RPM + TSPM−Rotor + TRPM−Stator (17)

Step 6: The rotor PMs are removed, and the no‐load FEA of the

resulting stator‐PM machine is performed. The obtained torque

contains one component generated by the interactions of stator

PM field and rotor iron core.

T6 = TSPM−Rotor (18)

Step 7: The stator PMs are removed, and the no‐load FEA of the

resulting rotor‐PM machine is performed. The obtained torque

contains one component generated by the interactions of rotor

PM field and stator iron core.

T7 = TRPM−Stator (19)

According to Equations (13)–(19), the torque components can

be calculated by the following:

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

TDPM = T1
TSPM−I = T2 − T4 − T6
TRPM−I = T3 − T4 − T7
TSPM−RPM = T5 − T6 − T7
TSPM−Rotor = T6
TRPM−Stator = T7
TRel = T4

(20)

In order to verify the accuracy of the proposedMTCDmethod, the

rated torque of the 12 pole‐pair‐stator and 10 pole‐pair‐rotor DPM

machine is decomposed by this method. The waveforms of all

torque components are plotted in Figure 5. The actual torque and

the sum of all torque components are also included for

comparison.

FIGURE 4 | Flow chart of MTCD method with/without using frozen

permeability method.

FIGURE 5 | Rated torque decomposition of DPM machine without

frozen permeability method.
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It can be seen that the sum of all torque components does not

match the actual torque and exhibits significantly higher torque

ripple. The reason is that the magnetic saturation conditions in

Steps 1–7 are different, resulting in inaccurate average values

and waveforms.

3.2 | Using Frozen Permeability Method

In order to obtain accurate torque components, the frozen

permeability method [26, 27] is used to keep the magnetic

saturation conditions of stator and rotor iron cores constant

during the torque decomposition. The flow chart of MTCD

method using frozen permeability method is also shown in

Figure 4 (with red lines). In Step 1, the on‐load FEA of the DPM

machine is performed as the same as before. Then, the FEAs of

Steps 2–7 are performed and the frozen permeability method is

used to keep the magnetic saturation conditions consistent with

Step 1.

The waveforms of all torque components and their sum and

actual torque of the 12S10R DPM machine are plotted in

Figure 6. It can be clearly seen that the waveforms of the sum of

all torque components and the actual torque are almost the

same. Hence, the proposed MTCD method combining frozen

permeability method can accurately decompose all torque

components of DPM machines.

It should be noted that the average values of torque components

of TSPM−RPM, TSPM−Rotor, TRPM− Stator and TRel are not 0. The

reason is that the distortion of permeability distribution in stator

and rotor cores caused by the superposition of armature field,

stator PM field, and rotor PM field is considered after using the

frozen permeability method. The magnetic field distributions

obtained by Steps 4–7 with and without using frozen perme-

ability method are compared in Figure 7. The magnetic fields in

the machines of Steps 4–7 without using frozen permeability

method are symmetrically distributed. On the other hand, the

magnetic field distributions become asymmetric after using

frozen permeability method, since the armature field and PM

fields make the permeability distribution in stator and rotor iron

cores asymmetric. The distortion of permeability distribution

can be considered as an equivalent magnetic saliency in stator

and rotor iron cores. It should be noted that the armature field

and PM fields are rotational, and thus, the equivalent magnetic

saliency is also rotational. Consequently, the armature field and

PM fields interact with the rotational equivalent magnetic sa-

liency, and the non‐zero torque components TSPM−RPM,

TSPM−Rotor, TRPM− Stator and TRel are generated. In addition, it can

be seen that the torque ripples of all torque components are also

affected by the distortion of permeability distribution.

4 | Torque Characteristics

After accurately decomposing the torque components of DPM

machines, the torque characteristics can be investigated.

FIGURE 6 | Rated torque decomposition of DPM machine with

frozen permeability method.

FIGURE 7 | Magnetic field distributions. (a) Step 4, (c) Step 5,

(e) Step 6, (g) Step 7 without frozen permeability method. (b) Step 4,

(d) Step 5, (f) Step 6, (h) Step 7 with frozen permeability method.
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4.1 | Cogging Torque

The cogging torque is generated by the interactions between

PMs and iron cores. Hence, the cogging torque contains three

components and can be expressed as follows:

TCogging = TSPM−RPM + TSPM−Rotor + TRPM−Stator (21)

The flow chart of decomposing the torque components of cog-

ging torque is shown in Figure 8. The cogging torque compo-

nents TCogging, TSPM−Rotor and TRPM− Stator are obtained by Step 1,

Step 2 and Step 3 in Figure 8, respectively. Hence, the compo-

nent TSPM−RPM can be obtained by the following:

TSPM−RPM = TCogging − TSPM−Rotor − TRPM−Stator (22)

The waveforms, spectra, and phases of cogging torque compo-

nents of the DPM machine are shown in Figure 9.

The 6th order component is the main part of all cogging torque

components. As can be seen, the 6th order components of

TSPM−Rotor and TRPM− Stator have the same phase, while that of

TSPM−RPM has the opposite phase. The reason can be explained

as follows. For the torque component generated by the inter-

action between the PMs and the iron poles (TSPM−Rotor and

TRPM− Stator), it is 0 when PMs are aligned with iron poles, and it

is the peak when PMs are aligned with the air. For the torque

component generated by the interaction between stator PMs

and rotor PMs (TSPM−RPM), it is 0 when stator PMs and rotor

PMs are aligned, and it is the peak when PMs are aligned with

the air. In DPM machines, when stator PMs are aligned with

rotor iron poles, rotor PMs are also aligned with stator iron

poles, but stator PMs and rotor PMs are not aligned. At this

moment, TSPM−Rotor and TRPM− Stator are 0, and TSPM−RPM is the

peak. When stator PMs and rotor PMs are aligned, stator PMs

are not aligned with rotor iron poles, and rotor PMs are also not

aligned with stator iron poles. At this moment, TSPM−Rotor and

TRPM− Stator are the peak, and TSPM−RPM is 0.

Owing to the opposite phase between TSPM−Rotor + TRPM− Stator

and TSPM−RPM, TSPM−Rotor and TRPM− Stator counteract a part of

TSPM−RPM, and the peak value of TCogging is lower than that of

TSPM−RPM, as illustrated in Figure 10. Hence, the component

generated by the interaction between stator PMs and rotor PMs

(TSPM−RPM) is the major source of the cogging torque, and the

components generated by the interaction between the PMs and

the iron poles (TSPM−Rotor and TRPM− Stator) have a cancelling

effect on the cogging torque.

4.2 | Rated Torque

The torque components of the rated torque of the DPM machine

are shown in Figure 6. The spectra and phases of torque com-

ponents are shown in Figure 11. Figure 11a shows the ampli-

tudes of different components, including average torque (0‐

order component) and torque ripple (6‐ and 12‐order compo-

nents), expressed in absolute values. Figure 11b shows the

phases of different components. From Figure 11b, it can be seen

that the phases of 0‐order TDPM, TSPM− I , TRPM− I and TRel are 0°

and those of 0‐order TSPM−Rotor, TRPM− Stator and TSPM−RPM are

180°, which means the average torques of TDPM, TSPM− I , TRPM− I

FIGURE 8 | Flow chart of decomposing cogging torque.

FIGURE 9 | Cogging torque decomposition of DPM machine.

(a) Waveforms. (b) Spectra. (c) Phase.

FIGURE 10 | Phasor diagram of 6th order cogging torque

components of DPM machine.
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and TRel are positive and those of TSPM−Rotor, TRPM− Stator and

TSPM−RPM are negative. According to the spectra and phases, the

phasor diagrams of average torque and the 6th order component

can be plotted in Figure 12.

It can be seen that the torque components generated by the

armature field interacting with the PM fields (TSPM− I and

TRPM− I) make the major contribution to average torque. The

reluctance torque (TRel) contributes positively to average torque

but the value is low. However, the torque components generated

by the interactions between PMs and iron cores (TSPM−Rotor,

TRPM− Stator and TSPM−RPM) have negative contributions to

average torque.

As for the torque ripple, the phases of the 6th order components

of all torque components are different. Hence, although some

torque components have relatively high ripples, the actual tor-

que ripple of the DPM machine is low after the superposition of

all components.

4.3 | Overload Capability

As discussed in Section 3, the torque components are affected by

the distortion of permeability distribution which is determined

by the magnetic saturation level. Hence, it is necessary to

analyse the effect of armature reaction on the torque compo-

nents. Figure 13 shows average values of all torque components

with different armature currents.

The torque components generated by armature field interacting

with PM fields and iron cores (TSPM− I , TRPM− I and TRel) increase

with the increase of armature current, but the increment di-

minishes quickly under overload condition. For these torque

components, the magnetic saturation restricted the torque

improvement.

On the other hand, for the torque components generated by the

interactions between PMs and iron cores (TSPM−Rotor, TRPM− Stator

and TSPM−RPM), the negative contributions increase first and

then decrease with the increase of armature current. Although

TSPM−Rotor, TRPM− Stator and TSPM−RPM are not generated by

armature field directly, these torque components are affected by

armature currents due to the magnetic saturation in iron cores.

When the magnetic saturation is severe, more severe magnetic

saturation can reduce the negative contributions, which is

beneficial to the torque improvement.

5 | Experimental Validation

A DPM machine is prototyped and tested to verify the FEA

analyses. The specifications of the prototype are listed in

Table 2. Figure 14 shows the photos of the DPM machine.

Figure 15 shows the FEA and test results of phase back‐EMF

of the DPM machine at 240 r/min. It can be seen that the

test result of back‐EMF is in a good agreement with the FEA

result. The cogging torques are measured by using a simple

cogging torque measurement method [28], as shown in

FIGURE 11 | Rated torque decomposition of DPM machine.

(a) Spectra. (b) Phase.

FIGURE 12 | Phasor diagrams of rated torque of DPM machine.

(a) Average torque. (b) Sixth order component.

FIGURE 13 | Average torque components with different armature

currents.
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Figure 16. Moreover, the static torque varying with rotor

position can also be measured by applying DC current in the

armature windings (Ia = − 2Ib = − 2Ic = IDC for a range of

DC currents), as shown in Figure 17. The average torque with

different currents is also measured and shown in Figure 18. It

can be seen that the test results match well with the FEA

results.

6 | Conclusion

This paper has proposed a technique for decomposing the

torque components of DPM machines and investigated their

characteristics. A MTCD method combining with the frozen

permeability method is proposed. It is found that DPM ma-

chines have 6 torque components generated by different

sources, and all torque components are accurately identified by

the proposed method. Under on‐load conditions, the compo-

nents generated by armature field interacting with PM fields

and iron cores (TSPM− I , TRPM− I and TRel) contribute positively

to average torque, while the components generated by the

interactions between stator PMs, rotor PMs, and iron cores

(TSPM−Rotor, TRPM− Stator and TSPM−RPM) contribute negatively to

average torque and are affected by magnetic saturation. The

phases of torque ripples of torque components are different,

resulting in a low resultant torque ripple of DPM machines.

Under the open‐circuit condition, the component generated by

the interaction between stator PMs and rotor PMs (TSPM−RPM)

is the major source of the cogging torque, and the components

generated by the interaction between PMs and iron poles

(TSPM−Rotor and TRPM− Stator) have a cancelling effect on the

cogging torque.

The proposed MTCD method combining frozen permeability

method is applicable to DPM machines with any PM

FIGURE 15 | Line back‐EMF at 240 r/min. (a) Waveforms.

(b) Spectra.

FIGURE 16 | Cogging torque. (a) Waveforms. (b) Spectra.

FIGURE 17 | Static torque (Ia = − 2Ib = − 2Ic = 0.2Irated).

FIGURE 14 | Prototype.

FIGURE 18 | Average torque with different currents.
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arrangements, and also can be extended to other machines

containing multiple torque components.
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