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Abstract: This paper proposes a model for the electromagnetic performance of the dual air-gap
liquid-cooled eddy current retarder (DAL-ECR) considering the transient permeability. First, the
structure and working principle of the DAL-ECR are introduced. Next, the analysis model of the
static air-gap flux density considering the flux leakage and end effect is established based on the
piecewise function method and the magnetic equivalent circuit (MEC). Then, based on the skin effect
of the electromagnetic field in the retarder, an iterative method for solving the transient permeability
of the stator is proposed. According to Faraday’s and Ampere’s laws, the analysis model of the
static air-gap flux density, and the transient permeability, the analysis model of the transient air-gap
flux density is established. The braking torque of the DAL-ECR is then calculated while taking the
actual path of the eddy current and the skin effect on the permeability of the stator into consideration.
Finally, the calculation accuracy of the model was verified by the finite element method (FEM) and
the bench test.
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1. Introduction

With the development of automobile technology, anti-lock braking systems (ABSs) and
electronic braking systems (EBSs) have been widely used in various vehicles, which greatly
improves the reliability of braking systems. However, these technologies still cannot solve
the problems of high-temperature failure of the main brakes and the excessive wear of
brake pads. To solve the problem of main brake failure due to high temperature and brake
pad wear when heavy vehicles brake continuously on long downhills, many countries
have formulated standards to apply a combined braking system on heavy vehicles, which
is dominated by friction braking and supplemented by non-contact brake retarders with
continuous working ability [1].

According to different working principles, retarders are mainly divided into engine
braking retarders, exhaust braking retarders, hydraulic retarders (HRs), and eddy current
retarders (ECRs). Compared with other retarders, ECRs have a simple structure, easy
control, and fast response speed [2–4]. However, the existing ECRs have a serious heat
fading of braking torque during continuous braking due to their air-cooled heat dissipation
structures. To solve the above problems, some scholars propose liquid-cooled ECRs [5–7].
In these liquid-cooled ECRs with different structures, the dual air-gap liquid-cooled eddy
current retarder (DAL-ECR) is a good application prospect in industrialization because of
its light rotor and high braking power density [7].

The main methods to predict the braking performance of ECRs are the finite element
method (FEM), the analytical method, and the magnetic equivalent circuit method (MEC).
The FEM is considered to be an effective method for predicting the braking performance
of the ECR [8–11], but it is expensive and time-consuming. Therefore, many scholars
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choose to use Poisson’s and Laplace’s equations to establish the analytical models of the
ECRs and to determine the coefficients of the models through the boundary conditions.
The MEC is considered as a semianalytical method, which is the idea that the magnetic
field is equivalent to the magnetic circuit. Compared with the FEM, the analytical
method and the MEC is faster in calculation, but the calculation error is larger. Therefore,
the analytical method and the MEC are often used to guidance for the preliminary design
of ECRs.

Shin et al. [12], Lubin et al. [13], and Gulec et al. [14] proposed analytical models
which considered the actual closed path of eddy currents, respectively, but the mod-
els ignored the end effect of the magnetic field and the heat effect on conductivity.
Therefore, Jin et al. [15] and Lubin et al. [16] proposed 3D analytical models for the
end effect of the ECRs, respectively. Jin et al. [17] and Ye et al. [18] proposed analytical
magnetic–thermal coupling models, respectively, and their computing results agreed
well with the measured results. However, the analytical methods neglected saturation
of the core, and they are not suitable for the prediction of the performance of the
saturation excitation ECRs for heavy vehicles. Hence, the MEC was used for the design
of the ECRs by considering the magnetic saturation and electromagnetic characteris-
tics of all materials [19–22]. Based on the MEC and the thermal resistance network
method, Gulec et al. [23] proposed a magnetic–thermal coupling model considering
the influence of heat on the electromagnetic properties of materials. Kou et al. [24,25]
studied the electromagnetic performance of ECRs by combining the MEC with the
analytical method. Despite the continuous improvement of the ECRs’ calculation
models, the problem of the unsteady transient permeability of the eddy current disc
at different speeds was rarely considered. The change of the transient permeability is
caused by the skin effect of the eddy current disc when the ECR works. The transient
permeability will decrease with the increase of the ECR speed under constant excitation
current, which is the key factor restricting the increase of the ECR torque at high speed.
Although Guo et al. [26] considered this situation, a permeability distribution model
proposed in the paper was obtained by experiments. Hence, the model inevitably
increased the cost and time consumption.

Based on the introduction of the structure and working principle of the DAL-ECR,
this paper presents a torque model of eddy current braking, which considers the problems
of magnetic flux leakage, end effect, and the transient permeability. Based on the skin effect
of the eddy current magnetic field, an iterative method is proposed to solve the transient
permeability of the stator. The advantages of the transient air-gap flux density model
considering transient permeability are verified by FEM. Finally, the eddy current braking
torque model was verified by the bench test.

2. Structure and Working Principles

The DAL-ECR is composed of a stator with a cooling channel, a rotor with toothed
salient poles, and a group of excitation coils, as shown in Figure 1. When the excitation
coils are excited with direct current (DC), a magnetic flux generated by the coils passes
through the upper part of the stator, the upper air gap, the rotor, the lower air gap, and
the lower part of the stator to form a loop. The stator cuts the magnetic flux lines from
the rotor, inducing the eddy currents. The magnetic field produced by the eddy current
interacts with the magnetic field produced by the excitation coils to produce the braking
torque. The heat generated on the stator during braking is taken away by coolant in the
cooling channel of the stator.
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and Ampere’s law (in Section 3.2). Then, the transient permeability is obtained by an iter-
ative method (in Section 3.4). Finally, the eddy current braking torque is obtained by the 
relationship between torque, braking power and rotational speed (in Section 3.5). 
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actual DAL-ECR, as shown in Figure 3. The main magnetic flux and leakage flux formed 
by the excitation coil are shown in Figure 4. To obtain the air-gap magnetic density of the 
DAL-ECR, the MEC diagram is established according to the analysis model, as shown in 
Figure 5. 

Figure 1. (a) Sectional view of the DAL-ECR. (b) Rotor of the DAL-ECR.

3. Analysis Method

To simply and intuitively show the basic ideas of the calculation model proposed
in this paper, this section uses block diagrams to represent each link required for the
establishment of the calculation model and uses arrows to indicate the transfer directions
of each action, as shown in Figure 2. The transient permeability given in Figure 2 refers to
the stator permeability of the retarder operating at different speeds and different excitation
currents. The transient permeability is introduced into the model to consider the influence
of the skin effect on the stator permeability.
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Figure 2. Schematic block diagram of the basic idea.

The model proposed in this paper is based on the model proposed in the literature [22],
which takes into account the change of transient permeability with the change of current
and speed. Firstly, the static air-gap magnetic density distribution is obtained by MEC
considering the magnetic field end effect (in Section 3.1). Secondly, the eddy current
density and the transient air-gap flux density distribution are obtained by Faraday’s law
and Ampere’s law (in Section 3.2). Then, the transient permeability is obtained by an
iterative method (in Section 3.4). Finally, the eddy current braking torque is obtained by
the relationship between torque, braking power and rotational speed (in Section 3.5).

3.1. MEC Analysis Model

Due to the symmetry of the brake system, the analysis model is 1/12 of the whole
actual DAL-ECR, as shown in Figure 3. The main magnetic flux and leakage flux formed
by the excitation coil are shown in Figure 4. To obtain the air-gap magnetic density of the
DAL-ECR, the MEC diagram is established according to the analysis model, as shown in
Figure 5.
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The magnetic motive force (MMF) from the excitation coil can be obtained by

Fc = NI (1)

where N is the turn number of the coil and I is the current in the coil.
According to Figures 3–5, each part of the magnetic reluctance of the DAL-ECR can be

obtained by the following formulas:

R1 =
r4 − r2

µ0µ1(θ6r2 + θ3r4)L1
(2)
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R2 =
(L2 − L1/2)p

2πµ0µ2[r62 + h3(h3 + 2h4 − 2r6)− r52]
(3)

R3 =
p(L3 − L4/2)

2πµ0µ3(r62 − r52)
(4)

R4 =
p

2πµ0µ4L4(r5 + r1)
(5)

R5 =
p(L3 − L4/2)

2πµ0µ5(r1
2 − r02)

(6)

R6 =
(L2 − L1/2)p

2pµ0µ6[r1
2 − h1(h1 + 2h2 + 2r0)− r02]

(7)

Rg1 =
Rgu1

2Rfoc1Rge1Rfic1

2Rgu1 + Rfoc1 + Rge1 + Rfic1
(8)

Rg2 =
Rgu2

2Rfoc2Rge2Rfic2

2Rgu2 + Rfoc2 + Rge2 + Rfic2
(9)

where p is the number of teeth of the rotor; µ0 is the air permeability; µ1, µ2, µ3, µ4, µ5,
and µ6 are the relative permeability of R1, R2, R3, R4, R5, and R6 shown in Figure 3. The
permeability of each part of the DAL-ECR in the static state can be obtained by an iterative
method [1,15].

The air-gap magnetic reluctance of each part in the period can be obtained by

Rfoc1 =
1∫ w

0
2µ0r4θ3
δ+πr dr

, w = min(r6 − r5, r4 − r3) (10)

Rfoc2 =
1∫ w

0
2µ0r2θ6
δ+πr dr

, w = min(r1 − r0, r3 − r2) (11)

Rge1 =
2µ0r4θ3L1

δ
(12)

Rge2 =
2µ0r2θ6L1

δ
(13)

Rfoc1 =
1∫ w

0
2µ0r4θ3
δ+πr/2 dr

, w = min(r6 − r5,
L− L1 − L4

2
) (14)

Rfoc2 =
1∫ w

0
2µ0r2θ6
δ+πr/2 dr

, w = min(r3 − r2,
L− L1 − L4

2
) (15)

Rgu1 =
1∫ w

0
µ0L1

δ+πr/2 dr
, w = min[r4 − r3, r5(π/p− θ3) (16)

Rgu2 =
1∫ w

0
µ0L1

δ+πr/2 dr
, w = min[r3 − r2, r1(π/p− θ6)] (17)

The slot leakage flux φhsl is the main part of the leakage flux, as shown in Figure 4.
The magnetic reluctance of the slot leakage flux can be obtained by

Rhsl =
1

4πµ0r3[3(L−L4−L1)−2L7]
3p(r5−r1)

(18)
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According to Kirchhoff’s voltage law, the following formulas can be given:

φge(R1 + R2 + R6 + Rg1 + Rg2 + Rhsl)− φhslRhsl = 0 (19)

φhsl(R3 + R4 + R5 + Rhsl)− φgeRhsl = Fc (20)

The static air-gap flux can be expressed as

φge =
Fc

(R1 + R2 + R6 + Rg1 + Rg2 + Rhsl)(R3 + R4 + R5 + Rhsl)/Rhsl − Rhsl
(21)

φge1 =
Rg1φge

Rge1
(22)

φgu1 =
φgeRg1

Rgu1
(23)

φge2 =
Rg2φge

Rge2
(24)

φgu2 =
Rg2φge

Rgu2
(25)

Under static state, the amplitude of the air-gap flux density of each part can be
expressed as

Bge1 =
φge1

2r4θ3L1
(26)

Bge2 =
φge2

2r2θ6L1
(27)

Bgu1 =
φgu1

2r5(π/p− θ3)L1
(28)

Bgu2 =
φgu2

2r1(π/p− θ6)L1
(29)

Based on the piecewise function, the upper and lower static air-gap magnetic flux
densities in one period can be expressed as

B1(θ) =



Bgu1 −π/p ≤ θ ≤ −θ1

Bgu1 + α1(θ + θ1)
2 −θ1 < θ ≤ −θ2

Bge1 − α2(θ + θ3)
2 −θ2 < θ ≤ −θ3

Bge1 −θ3 < θ ≤ θ3

Bge1 − α2(−θ + θ3)
2 θ3 < θ ≤ θ2

Bgu1 − α1(−θ + θ1)
2 θ2 < θ < θ1

Bgu1 θ1 ≤ θ ≤ π/p

(30)

B2(θ) =



Bgu2 −π/p ≤ θ ≤ −θ4

Bgu2 + α3(θ + θ4)
2 −θ4 < θ ≤ −θ5

Bge2 − α4(θ + θ6)
2 −θ5 < θ ≤ −θ6

Bge2 −θ6 < θ ≤ θ6

Bge2 − α4(−θ + θ6)
2 θ6 < θ ≤ θ5

Bgu2 + α3(−θ + θ4)
2 θ5 < θ < θ4

Bgu2 θ4 ≤ θ ≤ π/p

(31)
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where α1, α2, α3, and α4 are coefficients.

3.2. Armature Reaction

When the DAL-ECR is braking, the rotating magnetic field induces the eddy current
in the stator. The induced eddy current density in upper and lower surfaces in the stator
slot are as follows:

J1(θ) = r5σωBδ1(θ) (32)

J2(θ) = r1σωBδ2(θ) (33)

where σ, ω, Bδ1(θ), and Bδ2(θ) are the conductivity of the stator, the angular velocity, and
the upper and the lower total air-gap flux density.

The MMF generated by the eddy current will affect the size and distribution of the
original air-gap magnetic field generated by the excitation coil. Therefore, the upper and
the lower total air-gap flux density are obtained as follows:

Bδ1(θ) = B1(θ) + Bi1(θ) (34)

Bδ2(θ) = B2(θ) + Bi2(θ) (35)

where B1(θ), B2(θ), Bi1(θ), and Bi2(θ) are the upper air-gap flux density by the excitation coil,
the lower air-gap flux density by the excitation coil, the upper air-gap flux density by the
eddy current, and the lower air-gap flux density by the eddy current, respectively.

Figure 6a shows the effective reaction flux lines. The FEM shows that the eddy current
is concentrated in a small depth near the air gap under transient condition, as shown in
Figure 7. Therefore, as shown in Figure 6b, the MMF generated in the region of the eddy
current density in upper and lower surfaces in the stator slot can be given by

Fi1 =
∮

c1
Hdl =

∫ θII

θI

∫ r5+∆1

r5

J1(r, θ)rdrdθ (36)

Fi2 =
∮

c2
Hdl =

∫ θIV

θIII

∫ r1+∆2

r1

J2(r, θ)rdrdθ (37)

where c1 is the integral loop of the magnetic field intensity in the upper part of the stator, c2
is the integral loop of the magnetic field intensity in the lower part of the stator as shown
in Figure 6b, ∆1 is the skin depth of the upper part of stator in transient state, and ∆2 is the
skin depth of the lower part of stator in transient state.
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Figure 8 shows that the magnetic field is concentrated in a small skin depth. The skin
depth can be given by

∆ =

√
2

ωµσ
(38)
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The permeability of the stator and the rotor is much higher than those of the air
gap. Therefore, the MMF drops across the stator, and the rotor can be ignored. Hence,
Equations (36) and (37) can be transformed into:

2δBi1(θ)/µ0 =
∫ θII

θI

∫ rs1+∆1

rs1

σω2r2
r1Bδ1(θ)drdθ (39)

2δBi2(θ)/µ0 =
∫ θIV

θIII

∫ rs2

rs2−∆1

σω2r2
r2Bδ2(θ)drdθ (40)

Taking Equations (32) and (33) into Equations (39) and (40), respectively, the following
equations can be given: Bi1(θ) = u1

∫ θII
θI

[B1(θ) + Bi1(θ)]dθ

u1 = σωµ0[(rs1+∆1)
3−rs1

3]
6δ

(41)

Bi2(θ) = u2
∫ θIV

θIII
[B2(θ) + Bi2(θ)]dθ

u2 = σωµ0[r3
s2−(rs2−∆2)

3]
6δ

(42)

Taking the derivative of the Equations (41) and (42) with respect to θ, the following
equations can be obtained:

dBi1(θ)/dθ − u1Bi1(θ) = u1B1(θ) (43)

dBi2(θ)/dθ − u2Bi2(θ) = u2B2(θ) (44)
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When ±π/P <θ < ±θ2 and ±π/P <θ < ±θ5, the air gap value is large, and the reaction
magnetic field in these regions can be assumed to be 0 T. Hence, Equations (43) and (44)
only applicable to −θ2 <θ < θ2 and −θ5 <θ < θ5. Finally, the upper and lower air-gap flux
density generated by the eddy current can be given, respectively, by

Bi1 =



Bi(1-1)= 0 −π/p < θ < −θ1

Bi(1-2)= 0 −θ1 < θ < −θ2

Bi(1-3) = k1-3eu1θ + α2θ2 + ( 2α2+2u1α2θ3
u1

)θ + 2α2+2u1α2θ3
u1

2 + α2θ3
2 − Bge1 −θ2 < θ < −θ3

Bi(1-4) = k1-4eu1θ − Bge1 −θ3 < θ < θ3

Bi(1-5) = k1-5eu1θ + α2θ2 + ( 2α2−2u1α2θ3
u1

)θ + 2α2−2u1α2θ3
u1

2 + α2θ3
2 − Bge1 θ3 < θ < θ2

Bi(1-6)= 0 θ2 < θ < θ1

Bi(1-7)= 0 θ1 < θ < π/p

(45)

Bi2 =



0 −π/p < θ < −θ4

0 −θ4 < θ < −θ5

Bi(2-3) = k2-3eu2θ + α4θ2 + ( 2α4+2u2α4θ6
u2

)θ + 2α4+2u2α4θ6
u2

2 + α4θ6
2 − Bge2 −θ5 < θ < −θ6

Bi(2-4) = k2-4eu2θ − Bge2 −θ6 < θ < θ6

Bi(2-5) = k2-5eu2θ + α4θ2 + ( 2α4−2u2α4θ6
u2

)θ + 2α4−2u2α4θ6
u2

2 + α4θ6
2 − Bge2 θ6 < θ < θ5

0 θ5 < θ < θ4

0 θ4 < θ < π/p

(46)

where, k1-3, k1-4, k1-5, k2-3, k2-4, and k2-5 are coefficients.
The boundary conditions for solving Equations (45) and (46) are given, respectively:

Bi(1-4)(θ0-1) = 0

Bi(1-2)(−θ2) = Bi(1-3)(−θ2)

Bi(1-3)(−θ3) = Bi(1-4)(−θ3)

Bi(1-4)(θ3) = Bi(1-5)(θ3)

(47)


Bi(2-4)(θ0-2) = 0

Bi(2-2)(−θ5) = Bi(2-3)(−θ5)

Bi(2-3)(−θ6) = Bi(2-4)(−θ6)

Bi(2-4)(θ6) = Bi(2-5)(θ6)

(48)

where θ0-1 is a special point where the all currents in the upper stator enclosed in the
intervals [−π/p, θ0-1] and [θ0-1, π/p] are equal, and θ0-2 is a special point where the all
currents in the lower stator enclosed in the intervals [−π/p, θ0-2] and [θ0-2, π/p] are equal.

3.3. 3-D Correction

In fact, the distribution of the eddy current in the stator is very complex. To consider
this problem, an effective conductivity value [14] is introduced that is given by

σ = Knσc (49)

Kn = 1− 2tanhε

ε(1 + tanhεtanhφ)
(50)

ε =
pL1

2r3
(51)
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φ =
p(L2 − L1)

4r3
(52)

3.4. Transient Permeability Correction

To consider the transient permeability of the stator, the iterative method of transient
permeability is introduced, as shown in Figure 9.
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The iterative flowchart is used to determine the transient permeability. It starts by
assigning an initial value to µ1, µ2, µ3, µ4, µ5, and µ6 to determine the static reluctance
network and compute the fluxes. The permeabilities of each part of the retarder are solved
by the previous iteration method [1,15].

The working speed of retarders is often greater than 500 r/min, and skin depth of
the stator is very small, which means that the magnetic field intensity value is quite high.
However, the magnetic force is not provided by the magnetic field by coil, but by the eddy
current in the stator. Therefore, the air-gap flux density of the eddy current is equal to the
flux density in the stator [27].

Next, based on Equations (45) and (46), the air-gap magnetic flux densities are calcu-
lated and used as magnetic flux densities in the depth of the skin.

Then, based on the B/H curve of the utilized steel and eddy current magnetic field of
retarder in operation, new permeabilities can be updated by

µ(k) = κ[Bi
(k−1)]

λ
(53)

where k refers to the iteration time, κ is the proportional index (0.255 herein), λ is the
exponential coefficient (−12 herein). Due to magnetic saturation in retarder stator, κ and λ
were set to 0.255 and −12, respectively, to accurately fit the magnetic saturation section in
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the B/H curve. Since equation is a continuous function, the average permeability in upper
and lower surfaces in the stator can be obtained by

µav1
(k) =

[∫ θ3

−θ3

µ(k)(θ)

]
/2θ3 (54)

µav2
(k) =

[∫ θ6

−θ6

µ(k)(θ)

]
/2θ6 (55)

The process continues until the following criteria are individually satisfied for the
permeabilities of the R2 and the R6:

µav
(k) = [

∧
µav

(k)]
d
[µav

(k−1)]
(1−d)

(56)

[
µav

(k) − µav
(k−1)

]
/µav

(k−1) ≤ 0.01 (57)

where d is a damping constant set to 0.1 herein.

3.5. Eddy Current Braking Torque

The eddy current braking torque can be given by

P =
(

L2/σω2
)(∫ 2π

0

∫ r5+∆1

r5

[J1(r, θ)]2rdrdθ +
∫ 2π

0

∫ r1+∆2

r1

[J2(r, θ)]2rdrdθ

)
(58)

4. FEM Verification

To verify the correctness of the proposed analysis model, the DAL-ECR is simulated
by FEM. The main design parameters and material properties of the DAL-ECR are shown
in Tables 1 and 2.

Table 1. Geometrical parameters of the DAL-ECR.

Parameters Value Parameters Value

r0 100 mm h3 9 mm

r1 145 mm h4 19 mm

r2 145.5 mm L1 70 mm

r3 180 mm L2 80 mm

r4 214.5 mm L3 64 mm

r5 215 mm L4 30 mm

r6 240 mm L5 50 mm

h1 8.5 mm L6 45 mm

h2 19 mm δ 0.5 mm

Table 2. Physical parameters stator and rotor at 25 ◦C.

Material ρ
(kg/m3)

σc
(S/m)

cs
(J/kg·K)

λ
(W/m·K)

10CrMo 7870 5 × 106 460 44

Figures 10 and 11 show that the static upper and lower air-gap flux density with
a current of 80 A predicted by the proposed method are in good agreement with that
calculated by the FEM.
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Figure 11. FEM and proposed model predicted the static lower air-gap flux density waveform
diagram with a current of 80 A.

As can be seen from Figure 12, when the excitation current of the coil is 80 A and the
rotating speed is 500 r/min, the upper air-gap flux density calculated by the proposed
method considering transient permeability is closer to the FEM calculating value than that
calculated by the proposed method neglecting transient permeability. Especially in the
range from 0.04 to 0.07 rad, the upper air-gap flux density calculated by the proposed
method considering transient permeability shows its advantages.
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Figure 13 shows that when the speed is 500 r/min and the excitation current is 80 A,
the lower air-gap flux density calculated by the proposed method is in good agreement
with that calculated by the FEM in the entire region. There is no large error like Figure 11
in the local area. However, the lower air-gap flux density calculated by the proposed
method neglecting transient permeability is higher than that calculated by the FEM and
the proposed method considering transient permeability.
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As observed from Figure 14, when the speed is 1000 r/min and the excitation current is
80 A, the upper air-gap flux density calculated by the proposed method neglecting transient
permeability differs significantly from the FEM value. With the increase of speed, the error
of the models increases. However, the error of the mathematical model without considering
the transient permeability is larger, especially in the range of from 0.06 to 0.08 rad.
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5. Test Bench
5.1. Bench Test System and DAL-ECR Prototype

To test the braking performance of the DAL-ECR and verify the effectiveness of the 
proposed method, a test bench was set up. The main components of the test bench were 
the large power driving motor (350 kW), the torque measuring instrument, the tempera-
ture sensor, the speed sensor, the water-cooling system, the electric control cabinet, and 
the data acquisition device, as shown in Figures 16 and 17. Figure 18 shows the DAL-ECR 
prototype. The number of the excitation coil turns is 105. 

To control the excitation current size of DAL-ECR, the electronic control unit of the 
DAL-ECR was developed, as shown in Figure 19. The electronic control unit is able to 
output different sizes of current through an IGBT control according to different voltage 
signals. 

Figure 14. FEM and proposed model predicted the upper air-gap flux density at 1000 r/min with a
current of 80 A.

As observed from Figure 15, when the speed is 1000 r/min and the excitation current is
80 A, the lower air-gap flux density calculated by the proposed method neglecting transient
permeability is significantly higher than the FEM and the proposed method considering
the transient permeability calculated value. However, the lower air-gap flux density by the
model considering transient permeability is in good agreement with the FEM value.
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5. Test Bench
5.1. Bench Test System and DAL-ECR Prototype

To test the braking performance of the DAL-ECR and verify the effectiveness of the
proposed method, a test bench was set up. The main components of the test bench were the
large power driving motor (350 kW), the torque measuring instrument, the temperature
sensor, the speed sensor, the water-cooling system, the electric control cabinet, and the data
acquisition device, as shown in Figures 16 and 17. Figure 18 shows the DAL-ECR prototype.
The number of the excitation coil turns is 105.
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To control the excitation current size of DAL-ECR, the electronic control unit of the
DAL-ECR was developed, as shown in Figure 19. The electronic control unit is able to out-
put different sizes of current through an IGBT control according to different voltage signals.
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5.2. Torque Characteristics of DAL-ECR
5.2.1. Braking Torque to Eliminate Temperature Effects and Model Validation

During the experiment, the speed of the driving motor was first set to 250 r/min and,
after the speed was stabilized, the excitation current was adjusted to 15 A through the DAL-
ECR electronic control unit and the stable torque value was recorded. The braking torque
was recorded once every 250 r/min increase in speed until the speed reached 2000 r/min.
The current of the DAL-ECR was adjusted to 25 A, 50 A, and 80 A in turn, and the above
test process was repeated so as to obtain the relationship curve between the braking torque
and the speed of each current. The DAL-ECR used water cooling to greatly reduce the
influence of heat on the braking torque, but to eliminate the influence of high temperature
as much as possible the flow rate of cooling water was set to approximately 200 L/min,
and the ECR was completely cooled to the room temperature before the next group of tests.

As shown in Figure 20, the braking torque of the DAL-ECR increases with the increase
of the excitation current. The braking torque of different excitation current increases
with the increase of speed, and its growth rate decreases continuously, and the lower the
excitation current, the more obvious this phenomenon. When the excitation current is 80 A
and the speed is 2000 r/min, the braking torque of the DAL-ECR reaches 1620 N·m.
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As can be seen from Figure 21, when the excitation current is 80 A, the water tem-
perature is in the 20–45 ◦C, and speed is lower than 500 r/min, the value of the braking
torque calculated by the proposed method considering transient permeability, the value
calculated by the proposed method neglecting transient permeability, and the value calcu-
lated by FEM are in good agreement with the value obtained by the experiment. However,
when the speed is higher than 750 r/min, with the increase of rotational speed the error
in the proposed method considering transient permeability, the error in the proposed
method neglecting transient permeability, and the error in FEM gradually increase, while
the error for the proposed method neglecting transient permeability is the largest among
the three methods. The maximum calculation error of the proposed method considering
transient permeability is 21% and the average error is 13.7%. Compared to the method
neglecting transient permeability, the method considering transient permeability has no
obvious advantage at low speed. However, with the increase of speed, the skin effect
of the electromagnetic field in the retarder components becomes more serious, and the
advantages of the method are gradually obvious.
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5.2.2. Torque Thermal Decay Characteristics

ECRs mainly work on the long downhill continuous braking condition of heavy
vehicles; the speed is generally controlled at 35~40 km/h. Therefore, according to the
transmission ratio and wheel radius of the heavy vehicles, the working speed range of
ECRs can be obtained in the range of 1500~2000 r/min. Therefore, when the torque thermal
decay performance test of DAL-ECR was carried out, the test speed was set to 1500 r/min;
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the test was continued for 12 min; and the speed, the braking torque, the temperature,
and the braking time were recorded. As shown in Figure 22, the DAL-ECR continued
braking for 12 min and the coolant temperature increased by 45 ◦C, indicating that the
liquid cooling heat dissipation kept the DAL-ECR operating at a lower temperature. After
continuous braking for 12 min, the braking torque of DAL-ECR decreased from 1520 Nm
to 1083 Nm, and the braking torque thermal decreased by 28.75%.
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6. Discussion

As observed from Figures 12–15, compared with the upper air-gap flux density calcu-
lated by the proposed method, the lower air-gap flux density calculated by the proposed
method is in better agreement with the FEM. This is due to the high magnetic saturation
in the stator part corresponding to the upper air gap. With the speed increasing, the
calculation accuracy of the proposed method becomes worse. This is because the eddy
current magnetic field increases with the increase of the speed, resulting in the inconsistent
distribution of circumferential permeability on the stator material. However, the proposed
model only considers the change of radial permeability with speed and does not consider
the change of circumferential permeability distribution with speed.

As can be seen from Figure 21, the braking torque model considering the transient
permeability has obvious advantages over the model without considering the transient
permeability at high speed. When the retarder is running at high speed, the electromag-
netic field in the stator will have a strong skin effect, resulting in a sharp decrease in the
permeability of the stator. In this case, even if the speed increases again, the braking torque
will not increase significantly. When the speed increases to a certain value, the braking
torque will tend to be stable. Therefore, the decrease of permeability caused by the skin
effect is an important factor limiting the eddy current braking performance. On the other
hand, due to ignoring the influence of heat, the proposed model cannot predict the torque
during continuous braking of DAL-ECR.

ECRs mainly works in the long downhill continuous braking condition of heavy
vehicles, the speed is generally controlled at 35~40 km/h, and the braking torque is not
less than 1500 Nm. Therefore, according to the transmission ratio and wheel radius of
the heavy vehicles, the working speed range of the ECR can be obtained in the range of
1500~2000 r/min. When the working speed of the DAL-ECR is within the above speed
range and the excitation current is 80 A, the braking torque range is 1520~1620 Nm, as
shown in Figure 20. Taking into account the actual capacity of the vehicle battery, the
operating current of the ECR generally does not exceed 100 A, so the maximum test
current set does not exceed 80 A during the bench test. In addition, the DAL-ECR uses
an independent water tank to dissipate heat, and the coolant temperature is controlled
at 20–70 ◦C. The cooling system of the liquid-cooled ECR can also be connected with
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the cooling system of the engine, so to achieve common heat dissipation of the two, this
cooling method will make the coolant temperature control at 80–98 ◦C. Compared with
the independent cooling method, this cooling method will make the brake torque of the
retarder smaller.

7. Conclusions

This paper proposed a fast prediction model of the braking performance of the DAL-
ECR considering the flux leakage, end effect, and transient permeability, and the calculation
accuracy of the model was verified by the FEM and the bench test. The model has no
obvious advantage at low speed. However, with the increase of speed, the advantages of
the model are gradually obvious.

The proposed method is suitable for the prediction of air-gap flux density with over
saturation of excitation and is only suitable for the prediction of eddy current braking of
liquid-cooled ECR. Hence, the method has some limitations.
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