
energies

Article

Analytical Analysis of a Novel Brushless Hybrid
Excited Adjustable Speed Eddy Current Coupling

Yibo Li 1 , Heyun Lin 1,*, Hai Huang 2, Hui Yang 1 , Qiancheng Tao 1 and Shuhua Fang 1

1 School of Electrical Engineering, Southeast University, Nanjing 210096, China; epolee@163.com (Y.L.);
huiyang@seu.edu.cn (H.Y.); 220162293@seu.edu.cn (Q.T.); shfang@seu.edu.cn (S.F.)

2 Jiangsu Magnet Valley Technologies Co., Ltd., Zhenjiang 212009, China; 13871110369@163.com
* Correspondence: hyling@seu.edu.cn; Tel.: +86-025-8379-4169 (ext. 805)

Received: 19 December 2018; Accepted: 17 January 2019; Published: 19 January 2019
����������
�������

Abstract: A novel brushless hybrid excited adjustable speed eddy current coupling is proposed for
saving energy in the drive systems of pumps and fans. The topology and operation principle of the
coupling are presented. Based on the real flux paths, the fluxes excited by permanent magnet (PM)
and field current are analyzed separately. A magnetic circuit equivalent (MEC) model is established
to efficiently compute the no-load magnetic field of the coupling. The eddy current and torque are
calculated based on the proposed MEC model, Faraday’s law, and Ampere’s law. The resultant
magnetic fields, eddy currents, and torques versus slip speeds under different field currents are
studied by the MEC-based analytical method and verified by finite element analysis (FEA). The
copper loss, core loss, and efficiency were investigated by FEA. The analytically predicted results
agree well with the FEA, and the analysis results illustrate that a good speed regulation performance
can be achieved by the proposed hybrid excited control.

Keywords: eddy current coupling; hybrid excited; magnetic equivalent circuit; magnetic field
analysis; torque-slip characteristic

1. Introduction

The eddy current coupling forms a basic variable speed drive, which is widely applied to
regulate the flows from large pumps and fans for a remarkable energy-saving effect [1]. With the
development of permanent magnet (PM) material, a high torque density adjustable speed PM eddy
current coupling (AS-PMECC) (Oregon State University, Corvallis, OR, USA) has been developed and
applied in the field of variable speed drive [2]. Compared with other adjustable speed devices, such
as gearboxes [3] and variable frequency drives [4], AS-PMECC has many advantages, such as lower
sensitivity to environmental conditions, more reliable overload protection, and better energy-saving
performance [5,6].

Based on the magnetized directions of PMs, AS-PMECC can be generally classified as axial flux [7]
and radial flux couplings [8]. It is usually installed between prime motor and load, which commonly
consists of a PM rotor (PMR), a conductor rotor (CR), and an additional mechanical manipulator
(AMM) [6]. When a relative rotation happens between the two rotors, eddy currents can be induced
in the copper sheet (CS) mounted on the iron core of the CR, which yields an electromagnetic torque
from the interaction with the primary PM magnetic field [9–12]. For a given load torque, the speed of
AS-PMECC can be adjusted by changing either the air-gap length or coupling area between the two
rotors by the AMM [6,10].

In essence, the mechanical-based solutions usually realize speed regulation by adjusting the
air-gap flux between the PMR and the CR. However, it is relatively hard to regulate the axial
displacement between the two rotors, which requires a relative complicated design of AMM. Further,
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the complicated AMM is not reliable enough and takes more axial space, which is urgent to be
simplified and improved for the energy-saving reconstruction of aged pump and fan systems.
In addition, the local overheat problem produced by shifting a rotor is very serious in the conventional
radial flux AS-PMECC [8,13]. Therefore, this paper proposes a novel brushless hybrid excited
adjustable speed eddy current coupling (HE-ASECC) (Southeast University, Nanjing, China ) based on
a hybrid excited concept to solve the above problem [14,15].

The novelty of the proposed coupling lies on the brushless hybrid excited (HE) control by
an additional field excitation stator (AFES), which can provide a flexible air-gap field adjustment.
The AFES just occupies some radial space rather than axial space, which is very suitable for the
energy-saving reconstruction of aged pump and fan systems. Due to the absence of brush, slip ring,
and complicated AMM, the magnetic field control of the HE-ASECC becomes highly simple and
reliable. For illustrating the advantages of the HE-ASECC more clearly, it is compared with valve and
baffling vane (VB), AS-PMECC, and variable frequency drive (VFD) in Appendix A. Due to the special
geometry of the coupling, three-dimensional (3D) finite element analysis (FEA) is usually required to
accurately compute its electromagnetic characteristics, but it is very time-consuming. For improving
computational efficiency, an analytical model based on the magnetic equivalent circuit (MEC) method
is proposed to analyze the electromagnetic characteristics of the coupling. The eddy current and torque
are calculated and analyzed based on Ampere’s laws under an asymmetric magnetic field. Finally, the
analytically predicted results are presented and compared with the FEA.

2. Structure and Principle

Figure 1a shows the structure of the studied HE-ASECC. It consists of an AFES, a PMR, and a CR,
all of which are coaxial. Different from the AMM used in the conventional AS-PMECC, the AFES
embedded with a toroidal field winding is located outside the PMR. Usually, the PMR and the CR are
connected with the load mover and the prime motor, respectively. The PMR is characterized by two
suits of axially parallel consequent-poles mounted on the inner surface of the PMR core that consists
of two annular iron cores fixed together with an axial distance. The PMs mounted on the two annular
iron cores are radial magnetized in opposite directions, respectively. The copper sheet (CS) is tightly
mounted on the surface of iron core of the CR to provide paths for the induced eddy currents.

The field control principle can be explained by the magnetic fluxes passing through the PM
and iron poles as shown in Figure 1b–d under different field currents. The PMs serve as constant
magnetomotive force (MMF) sources, while the field winding acts as a changeable MMF source to
perform a flexible air-gap flux adjustment. As a result, the fluxes produced by the field current can
enhance or weaken the air-gap fluxes produced by PMs alone based on the directions and amplitudes
of the applied field currents. Consequently, the slip speed between the PMR and the CR under a given
load torque can be adjusted with the aid from HE control.
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3. Analytical Model

In the design process of an electromagnetic device, a reliable and effective theoretical model is
desirable for evaluating its electromagnetic characteristics. Generally, the theoretical models based on
the magnetic vector potential [9,16] and the MEC method [17–21] are very popular for the design and
analysis of electromagnetic devices. Considering the special 3D structure of the proposed HE-ASECC,
the latter is adopted in this paper.

3.1. No-Load Magnetic Field Calculation

Based on the real fluxes shown in Figure 1b–d and the reluctance elements of MEC, the fluxes
created by the PMs and the field current can be analyzed separately. In addition, it should be noted
that the CR core and the stator core are communal for the MEC branches excited by the PMs and the
field current. Figure 2a,b give the MEC models of the coupling excited by both the PMs and the field
current when the slip speed between the two rotors is 0 rpm, respectively.
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Figure 2. The magnetic circuit equivalent (MEC) model of the hybrid excited adjustable speed eddy
current coupling (HE-ASECC). (a) permanent magnet (PM) excited. (b) If excited.

As shown in Figure 2a, the PM fluxes can be divided into two parts. One passes through the
adjacent PM poles located on the two annular iron cores, the inner and outer air-gaps and the CS, and
loops with the CR core and the stator core. The other begins with the PM poles and passes through the
adjacent iron poles located on the same annular iron core, the inner air-gap and the CS, and loops with
the PMR core and the CR core. As shown in Figure 2b, the fluxes created by the field winding pass
through the outer air-gap, the PMR cores, the iron pole, and the PM-air region, including the PM poles
and the air region between PM and iron poles located on the same annular iron core, the inner air-gap
and the CS, and loop with the CR core. All elements of the MEC model are calculated in the cylindrical
coordinate to permit higher accuracy. In addition, the symbols describing the structure parameters of
the coupling are presented in its axial section and axial cross section shown in Figure 3a,b, respectively.
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Assuming the iron parts of the coupling are unsaturated, the reluctances of the stator core, the
PMR core, the iron poles, and the CR core can be ignored for simplifying calculation. The MMF sources
are constituted by the PM poles and the field winding located in the AFES, which can be respectively
expressed as

FPM = HchPM (1)

Ff = I f N f (2)

where If, Nf, Hc, and hPM represent the field current, the turns of the field winding, the PM coercive
force, and the thicknesses of the PM poles, respectively. Applying Kirchhoff’s voltage (KVL) law to
Loops 1–6 of the MEC model shown in Figure 2 yields [17,18] R11 −R12 0

−R21 R22 −R23

0 −R32 R33

×
 φ1

φ2

φ3

 =

 −FPM
2FPM
−FPM

 (3)

 R44 −R45 0
−R54 R55 −R56

0 −R65 R66

×
 φ4

φ5

φ6

 =

 0
−Ff

0

 (4)

where φ1 to φ6 are the fluxes flowing along Loops 1–6 in the MEC model.
R11 = R33 = 2

(
RPM + 2RCS,g + RIron

)
R22 = 4

(
RPM + RCS,g + Rgout

)
R12 = R21 = R23 = R32 = 2

(
RPM + RCS,g

) (5)


R44 = R66 = 2

(
kαm RPM + 2kαm RCS,g + RIron

)
R55 = 4

(
kαm RPM + kαm RCS,g + Rgout

)
R45 = R54 = R56 = R65 = 2

(
kαm RPM + kαm RCS,g

) (6)

where RPM, RIron, RCS,g, Rgout, and kαm denote the reluctances of the PM pole, the iron pole, the copper
sheet and the inner air-gap, the outer air-gap, and the coefficient to modify RPM and RCS,g under the
field current excitation alone, respectively. Assuming the permeabilities of the CS and PM are equal to
µ0, the above parameters can be calculated as [17,18]

RPM = ln
[
1 + hPM/

(
rCSo + lgin

)]
/
(
µ0αmτplPMa

)
RCS = ln(1 + hCS/rCSi)/

(
µ0αmτplPMa

)
Rgin = ln

(
1 + lgin/rCSo

)
/
(
µ0αmτplPMa

)
Rgout = 2 ln

(
1 + lgout/rPMRco

)
/
[
µ0αmτp(2lPMa + wPMa − wslot)

]
RCS,g = RCS + Rgin
kαm = (2− αm)/αm

(7)

where rCSi, rCSo, rPMRco, αm, τp, lPMa, and µ0 is the inner and outer radii of the CS, the outer radius
of the PMR core, the pole-arc coefficients of PM and iron poles, the pole pitch in the circumferential
direction, the axial length of PM poles, and the vacuum permeability, respectively.

Based on the analysis of the flux paths and reluctance parameters of the coupling, the flux density
distributions can be obtained by a superposition of the fields produced by the PMs and the field
current. Based on the MEC model in Figure 2 and the flux density model in Figure 4, the no-load
air-gap flux density of the coupling can be expressed as [17,18,20]

BPM(θ) =


ktBPM_PM(θ − θ2)/(θ2 − θ1) + BPM_I f ; θ1 ≤ θ < θ2

ktBPM_PM + BPM_I f ; θ2 ≤ θ ≤ θ3

ktBPM_PM(θ − θ4)/(θ3 − θ4) + BPM_I f ; θ3 < θ ≤ θ4

(8)
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BIron(θ) =


ktBIron_PM(θ − θ2)/(θ2 − θ1) + BPM_I f ; θ1 ≤ θ < θ2

ktBIron_PM + BIron_I f ; θ2 ≤ θ ≤ θ3

ktBIron_PM(θ − θ4)/(θ3 − θ4) + BPM_I f ; θ3 < θ ≤ θ4

(9)

where kt denotes the coefficient to modify the trapezoid flux density waveforms shown in Figure 4a,b.
θ1 to θ4 and kt can be obtained as follows:

θ1 = −θ4 = −τp/2
θ2 = −θ3 = −τpαm/2
kt = 2αm/(1 + αm)

(10)

In addition, BPM_PM, BIron_PM, BPM_If, and BIron_If denote the average flux densities facing the PM
and iron poles produced by the PM and the field current, respectively, which can be derived as

BPM_PM = 2(φ2 − φ1)/
[
τpαm

(
rCSo + lg/2

)
lPM

]
BIron_PM = 2φ1/

[
τpαm

(
rCSo + lg/2

)
lPM

]
BPM_I f = 2(φ5 − φ4)/

[
τp(2− αm)

(
rCSo + lg/2

)
lPM

]
BIron_I f = 2φ4/

[
τpαm

(
rCSo + lg/2

)
lPM

] (11)
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3.2. Eddy Current Field Calculation

Thanks to FEA, the distributions of eddy currents under different field currents can be easily
calculated and shown in Figure 5 when the slip speed is 150 rpm. It can be seen that the directions of
eddy currents do not change, while the direction of the field current is reversed. In addition, the eddy
current densities rise with the increase in field current.Energies 2019, 12, x FOR PEER REVIEW 6 of 14 
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As a relative rotation between the PMR and the CR happens, the eddy current will be induced in
the CS. Since the air-gap flux densities facing the PM and iron poles are different, the eddy current
densities can be calculated separately, which can be respectively given as [17,18,20]

JPM(r, θ) = rσωBr_PM(θ) (12)

JIron(r, θ) = rσωBr_Iron(θ) (13)

where σ and ω denote the conductivity of the CS and relative angular velocity, respectively. Br_PM (θ)
and Br_Iron (θ) are the radial components of the resultant flux density in the inner air-gap facing the PM
and iron poles, respectively. In fact, the axial components of the eddy current densities facing the PM
and iron poles in the same loop are the same, i.e., the average eddy current densities of JPM and JIron
are equal, which can be expressed as

Jav(r, θ) = (JPM(r, θ)− JIron(r, θ))/2 = rσω(Br_PM(θ)− Br_Iron(θ))/2. (14)

In fact, the PM magnetic field is interacted by the magnetic field produced by the eddy current in
the CS. Thus, an iterative process should be taken in the air-gap field calculation of the coupling. The
air-gap flux density is first determined using the no-load MEC model. The eddy current density in
the CS is then calculated by means of Faraday’s law under the different slip speeds between the two
rotors. Afterward, the impact of the magnetic field yielded by the eddy currents on the original air-gap
flux density is taken into account through Ampere’s law. The radial components of the resultant flux
densities in the air-gap can be expressed as [17,18,20]

B(n)
r_PM(θ) = BPM(θ) + B(n−1)

CS_PM(θ) (15)

B(n)
r_Iron(θ) = BIron(θ) + B(n−1)

CS_Iron(θ) (16)

where the positive integer n represents the iteration number, and BCS_PM (θ) and BCS_Iron (θ) denote the
flux densities produced by the eddy current in the CS facing the PM and iron poles, respectively. The
eddy current field can be calculated based on Ampere’s laws expressed as [17,18,20]

∫
CPM

Hdl =
∫ θCS2

θCS1

∫ rCSo

rCSi

JPM(r, θ) rdrdθ (17)

∫
CIron

Hdl =
∫ θCS4

θCS3

∫ rCSo

rCSi

JIron(r, θ) rdrdθ (18)

where the right terms are the total currents enclosed in flux paths CPM and CIron. θCS1 to θCS4 are the
edges of the eddy current field flux paths shown in Figure 3b.

Based on Equations (17) and (18), the eddy currents under the iron and PM poles are integrated
along the different lengths of the flux paths (CPM and CIron) shown in Figure 3b. For simplifying
calculation, the magnetic reluctances of the iron materials are ignored. Thus, the average lengths of the
flux paths facing the PM and iron poles can be expressed as le_PM = π(τp/4) and le_Iron = 2(lgin + hCS),
respectively [20]. Based on Equations (14), (17), and (18) and the selections of paths CPM and CIron in
Figure 3b, the flux densities BCS_Iron(θ) and BCS_PM(θ) can be respectively obtained as [17,18,20]

BCS_Iron = −kleBCS_Iron (19)

BCS_PM(θ) =


BCS1 = k1em′θ ; θ1 ≤ θ < θ2

BCS2 = k2em′θ − Bm/(1 + kle); θ2 ≤ θ ≤ θ3

BCS3 = k3em′θ ; θ3 < θ ≤ θ4

(20)
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where
Bm =

(
BPM_PM + BPM_I f − BIron_PM − BIron_I f

)
/2

m′ = mPM(1 + kle)/2
kle = le_PM/le_Iron
mPM = µ0σω

(
r3

CSo − r3
CSi
)
/(3le_PM)

. (21)

The following boundary conditions are taken as

BCS2(θ0) = 0 (22)

BCS1(θ = θ2) = BCS2(θ = θ2) (23)

BCS2(θ = θ3) = BCS3(θ = θ3) (24)

where Equation (22) is the main boundary condition of the problem referring to a particular point
where the total currents enclosed in the intervals [θ1, θ0] and [θ0, θ4] are equal, and Equations (23)
and (24) express the continuity of BCS(θ). θ0 can be determined by

∫ θ0

θ1

∫ rCSo

rCSi

J(r, θ)rdrdθ =
∫ θ4

θ0

∫ rCSo

rCSi

J(r, θ)rdrdθ. (25)

Thus,

θ0 = − 1
m′

ln

{
1 + (1− eαm) cosh

[
(1− αm)m′τp/2

]
(1− eαm) cosh

(
m′τp/2

)
+ cosh

(
m′αmτp/2

)}. (26)

The coefficients k1, k2 and k3 in (20) can then be expressed as [17,18]
k1 = Bm

(
e−m′θ0 − e−αmm′θ1

)
/(1 + kle)

k2 = Bme−m′θ0 /(1 + kle)

k3 = Bm

(
e−m′θ0 − e−αmm′θ4

)
/(1 + kle)

. (27)

Thus, the radial components of the air-gap flux densities can be obtained by substituting
Equations (19) and (20) into Equations (15) and (16), respectively.

3.3. Torque Calculation

The torque of the coupling can be finally determined by using the total ohmic losses dissipated in
the CS [17–21]:

T =
Ks pcu_cs

ω
=

2KslPMa
σω

x

CS

|J(r, θ)|2rdrdθ = 2KslPMaπ
(

r2
CSo − r2

CSi

)
J2
av/σω (28)

where Ks, pcu_CS, and Jav denote the 3D coefficient, the copper loss in the CS, and the average eddy
current density in the same loop. Ks can be derived as [22]

Ks = 1− tanh[plPMa/(2rav)]/[plPMa/(2rav)]

1 + tanh[plPMa/(2rav)]tanh[plo/(2rav)]
(29)

where rav = (rCSo + rCSi)/2, and lo and p denote the overhang-length of the CS and the pole pair numbers
of the PMR, respectively.

3.4. Efficiency

The output and input powers of the coupling can be respectively expressed as

Pout = ToutΩout (30)
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Pin = Pout + pcu_CS + pcu_ f w + pother (31)

where Tout, Ωout, and pcu_fw denote the output torque, the output angular speed, and the copper loss of
the field winding, respectively. pother denotes the other losses including core loss, stray loss, mechanical
loss, and so on. The coupling efficiency can then be obtained as

ηC = Pout/Pin × 100%. (32)

Ignoring other losses, the input torque is almost equal to the output torque. Thus, the input power
of the coupling can be estimated as [20]

Pin = (1− s)2PN (33)

where PN and s denote the rated power of pump and fan loads, and the slip between the PMR and the
CR, respectively. The efficiency of the coupling can be simplified as

ηC = (1− s)× 100%. (34)

With the increase in slip, Pin declines much faster than ηc. Based on [6], the energy-saving effect
of the system can be still more pronounced when compared to the method through throttling valves
and baffles.

4. Results and Discussions

The major design parameters of the HE-ASECC are tabulated in Table 1. The air-gap magnetic
fields, eddy currents, and torque-slip characteristics are calculated by the proposed analytical method
and verified by FEA. The loss and efficiency are subsequently investigated by FEA.

Table 1. Major design parameters of the coupling.

Item Symbol Value Unit

Inner radical of CS rCSi 46 mm
CS thickness hCS 3 mm

CS conductivity σ 5.77 × 107 S/m
Over hang length lo 5 mm
CR yoke thickness hCRc 10 mm

Air-gap length lgout/lgin 1 mm
PM inner radical rmi 50 mm

Magnetic pole height hPM 6 mm
PM axial length lPMa 30 mm

PM coercive force Hc −890 kA/m
Pole-arc coefficient αm 0.8

Pole pair numbers of the PMR p 16
Axial distance between the two annular iron cores wPMa 10 mm

PMR yoke thickness hPMRc 10 mm
Stator yoke thickness hsc 10 mm

Stator slot width wslot 40 mm
Stator slot height hslot 10 mm

Field coil turns number Nf 300 turns

4.1. Air-Gap Magnetic Field

Figure 6 shows the radial components of the no-load inner air-gap flux densities between the
PMR and the CR under different field currents. When If increases from −10 to 10 A, the amplitude
of BPM decreases from about 0.7 to 0.5 T (about 30%), while BIron decreases from 0.2 to −0.3 T. The
variation of BPM is smaller that of BIron, which can be explained by the fact that the reluctance of PM is
much larger than that of iron poles. In addition, the difference between analytical and FEA methods
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is found, which is caused by the flux leakage between adjacent PM and iron poles, which is difficult
to be considered in the analytical modeling. The above analysis illustrates a fairly good effect of the
proposed approach on air-gap magnetic field regulation.
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4.2. Eddy Current Density 

Figure 6. No-load air-gap magnetic flux density distributions.

Figure 7a,b show the average values of Br_PM and Br_Iron as functions of slip speed under different
field currents. It is obvious that the average value of Br_PM declines from about 0.62 to 0.41 T, while
that of Br_Iron increases from about −0.3 to 0.15 T when the slip speed is equal to 50 rpm. With the
increase in slip speed, the average values of Br_PM and Br_Iron decline and rise gradually, respectively.
Based on Equations (14) and (17), the eddy current field is enhanced with the increase in slip speed.
Although the direction of the flux passing through iron pole is changed by the opposite field currents
(e.g., If = −10 and 10 A), the direction of the eddy current field remains unchanged. The reason is that
the direction of eddy current loop is mainly determined by JPM, which is much larger than JIron.
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4.2. Eddy Current Density

As expected, the eddy current densities facing the PM and iron poles increase gradually with
the increase in field current as shown in Figure 8. In addition, the eddy current versus rotor position
distributions under the PM and iron poles are not uniform, which can be explained by Equations
(12)–(14) and the air-gap flux density distributions shown in Figure 6. It should be noted that the
directions of eddy currents facing the iron pole are unchanged when the field current changes from
−10 to 10 A. The reason is that JPM and JIron are respectively proportional to Br_PM and Br_Iron, while
Br_PM is much larger than Br_Iron, which determines the flowing directions of eddy currents.

Figure 9 shows the variations in average eddy current densities facing the PM and iron poles
of the proposed coupling under different slip speeds. With the increase in field current, both JPM
and JIron rise gradually, and they also increase with the increase in slip speed under a given field
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current. It should be noted that the average eddy current densities calculated by analytical and FEA
methods agree well, which illustrates that the eddy current calculation model shown in Equation (14)
is sufficiently reliable.
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torque increases more and more slowly. Moreover, it can be seen that the torque experiences a 
gradually reduction with the decrease in If from 10 to −10 A at a given slip speed. This implies that a 
wide torque regulation range can be achieved by field control. The above analysis confirms the 
validity of HE control for the load speed regulation by the proposed coupling. 
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4.3. Torque Characteristics

Figure 10 shows the torque-slip characteristics of the proposed coupling under different field
currents. In the lower slip speed range, the torque presents an ascending trend, the reason of which is
that the eddy current density increases proportionally with slip speed. Due to the skin effect, the torque
increases more and more slowly. Moreover, it can be seen that the torque experiences a gradually
reduction with the decrease in If from 10 to −10 A at a given slip speed. This implies that a wide
torque regulation range can be achieved by field control. The above analysis confirms the validity of
HE control for the load speed regulation by the proposed coupling.Energies 2019, 12, x FOR PEER REVIEW 11 of 14 
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4.4. Losses and Efficiency

Figure 11 shows the core losses of the coupling versus slip speed under different field currents.
With the increase in slip speed, the core losses of the coupling gradually increase, and are proportional
to the frequencies of the alternating magnetic fluxes passing through the cores. In fact, the magnetic
fluxes passing through the PMR core and the stator core are almost not alternating, which results
in low core losses in the PMR and stator cores. Thus, the core loss is mainly produced in the CR
core. In addition, the core loss also increases with the increase in field current, which enhances the
alternating magnetic fluxes passing through the CR core.
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Figure 12 shows the copper losses of the CS versus slip speed under different field currents. With
the increase in slip speed and field current, the copper losses rise gradually. The copper loss of field
winding is proportional to the field current, which can obtain the maximum value as 97.5 W when the
magnitude of the field current is set to 10 A. It takes up a small percentage of the total copper loss of
the coupling, which illustrates that the HE control is acceptable for the speed regulation application.
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Figure 13 shows the efficiencies of the coupling under different field currents when the speed
of the prime motor is 1500 rpm. The efficiency of the coupling reaches the highest when If is zero,
which is attributed to the fact that the copper loss of the field winding is the lowest. It decreases from
96.7 to 56.9% when the slip speed increases from 50 to 600 rpm. When If decreases from 10 to 0 A, the
efficiency of the coupling slightly declines, while its reduction is enlarged with the further decrease
in If from 0 to −10 A. This can be attributed to the fact that Pout decreases with the decrease in the
field current. In addition, pcu_fw declines when the field current decreases from 10 to 0 A, and it then
rebounds to a higher value with the further decrease in the field current. In a lower slip speed range,
the variations in efficiencies are obvious under different field currents. It is responsible for this that the
copper loss of field winding occupies a large percentage of the relatively small output power when the
torque of the coupling is small. Although the efficiency of the HE-ASECC declines with the increase in
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slip speed linearly, for a pump system, an energy-saving effect can still be achieved based on Equation
(33) compared with the valves and baffles controls.
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5. Conclusions 

This paper proposes a novel brushless HE-ASECC with a simple AFES, which makes the online 
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5. Conclusions

This paper proposes a novel brushless HE-ASECC with a simple AFES, which makes the online
speed regulation reliably and effectively for the energy-saving of the aged pump and fan systems. The
MEC-based analytical method is presented to calculate the magnetic field and torque of the proposed
coupling efficiently. In addition, the analytical method provides an approach to solve the eddy current
field problem under an asymmetric magnetic field of the PMR. Finally, the magnetic field and torque
adjustment ability of the coupling illustrates that a wide speed regulation range can be achieved by
the HE control. It also reveals that that the proposed speed regulation method can be applied in the
field of variable speed drive for energy-saving reconstruction.
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Appendix A

Table A1 shows a comparison of HE-ASECC with VB, AS-PMECC, and VFD in energy-saving
effect, space, efficiency, power electronic converter capacity, reliability, and cost.

Table A1. Full comparison among different energy saving devices.

Item VB AS-PMECC VFD HE-ASECC

Energy-saving effect F FFF FFFFF FFF
Space occupation FFFFF FFF FF FFFF

Efficiency F FFF FFFFF FFF
Power electronic converter capacity None None Large None

Reliability FFFFF FFF FF FFFF
Cost FFFFF FFFF FF FFFF
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