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Abstract: This paper presents the modeling and design of an actuator consisting of an electrical
motor and a magnetic gear. To minimize the overall actuator dimensions, both of the electromagnetic
devices need to be optimally designed and matched. An issue in performing a simultaneous design
as such arises from a high number of design variables that significantly increases the complexity
of the optimization problem. A method to reduce the design variables is discussed in this paper,
which is the application of response surface methodology (RSM) to represent the optimized torques
of the electrical motor and magnetic gear as polynomial functions of their respective dimensions.
Prior to the application of RSM, optimization problem statements are defined for the electrical motor
and magnetic gear, for which the optimization objective and constraint functions are derived from
analytical electromagnetic models of the considered electromagnetic devices.

Keywords: electrical motor; magnetic gear; analytical modeling; response surface methodology;
optimization

1. Introduction

A common type of actuator used in robotic applications is a mechanically-geared electrical motor,
which has a high torque within a relatively small volume. For specific applications such as soft
robotics [1], however, it is not desirable to use mechanical gears due to the presence of static friction
that degrades the force/torque control performance [2]—not to mention that mechanical gears are
vulnerable in the event of torque overload.

A promising solution to address the previous shortcomings of mechanical gears is to replace
them with magnetic gears [3], whose topology is depicted in Figure 1. In a magnetic gear, the torque
between the rotating members (high-speed and low-speed rotors) are transmitted without mechanical
contact, resulting in a major reduction of the static friction. Furthermore, the rotating members would
slip when the load torque exceeds a certain level, giving an inherent overload protection.

There are two possibilities to integrate an electrical motor and a magnetic gear. The first one is a
conventional shaft-coupled motor and gear as shown in Figure 2a. The second one is the so-called
“pseudo” direct-drive motor [4] illustrated in Figure 2b, which integrates all the electromagnetic
components belonging to an electrical motor and a magnetic gear. In this paper, the shaft-coupled
motor and gear is the chosen one to be investigated as it has a smaller outer diameter, which is
a desirable aspect in the considered application.

In robotic/mechatronic applications, the optimal selection of motor and (mechanical) gear
transmission ratio is necessary for the overall system performance [5]. For this particular optimization
problem, generally, a number of off-the-shelf candidate motors and gears are considered, from
which a motor-gear pair is selected based on criteria such as dimension, mass and efficiency [5-7].
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However, when stringent design requirements are considered, it would be preferable to design and
optimize both motor and gear specifically for the intended application, as it would provide flexibility
in selecting design parameters such as outer dimensions.

This paper presents a rapid method to simultaneously optimize an electrical motor and a magnetic
gear for an application. For this purpose, high-accuracy analytical electromagnetic models of an
electrical motor and a magnetic gear are developed based on the harmonic modeling method [8,9].
The models are used to derive the objective and constraint functions from optimization problem
statements for the considered electromagnetic devices. Since the optimization of the motor and
magnetic gear are treated simultaneously, there is a high number of design variables that are involved,
resulting in a slow and computationally-intensive numerical optimization task. For that reason,
a solution is proposed in this paper to reduce the number of design variables by representing
the optimized torques of the motor and magnetic gear as polynomial functions of their respective
dimensions, i.e., outer diameter and axial length. The polynomial functions are approximated by the
application of response surface methodology (RSM) [10] on the optimization routines that are defined
for the motor and magnetic gear. Based on these polynomial models and the reduced design variables,
the simultaneous design optimization of the motor and magnetic gear can be performed rapidly.
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Figure 1. Topology of the investigated magnetic gear.
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Figure 2. Integration possibilities of electrical motor and magnetic gear: (a) shaft-coupled motor and

gear; (b) “pseudo” direct-drive motor.

2. Electromagnetic Modeling

2.1. Harmonic Modeling Method

The goal of applying the harmonic modeling method [9] is to obtain an accurate estimation of
the static magnetic field behavior within different material regions of an electromagnetic device, from
which quantities such as magnetic flux density and torque, can be calculated. Note that the following
assumptions are adhered in the modeling of the rotary electromagnetic devices discussed in this paper:
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1. The electromagnetic problem can be described in a 2D polar coordinate system (r, ¢)
For a given region, the material has linear and homogenous magnetic properties in the r-direction.
3. The ferromagnetic material is infinitely permeable. Consequently, no analytical expression of the
magnetic flux density can be obtained within the ferromagnetic material.

As with the modeling of any electromagnetic devices, Maxwell’s equations govern the field
behavior. From magnetostatic Maxwell equations, the following Poisson equation [8] is obtained

V2A = —uo(V x Mo) — u] ¢9)

where A = A, is the magnetic vector potential, jg is the vacuum magnetic permeability, y is the
material permeability, Mo = [M,, Mq,] is the residual magnetization vector and T = J, is the current
density vector. Considering a 2D polar coordinate system, the Poisson Equation (1) can be expressed as

ror or 2 agr MG

10 0A; 1A, 1(8(1’M¢) 8M> ul. @

- or ¢

Within the investigated rotary electromagnetic devices, (circular) spatial periodicities are exhibited
by the source terms in Equation (2), allowing them to be expressed by Fourier series

N

M, = M,p + Z (Mrs sin —(pk) + M,. cos((pk)> 3)

My = Mgo + Z (Mtﬂs Sm(*(l’k) + Mgc COS(G”k)) 4)
n=1

Jz =0+ Z <]zs sm(—q)k) + Jzc COS(?’k)) (&)
n=1

where N is the number of harmonics to be modeled, M,o, My and J;o are DC components of the
corresponding source terms (M, My, J2); Mys, Myc, Mgs, My, Jzs and ] are Fourier coefficients of
the source terms, i is half of the tangential width (¢-direction) of a material region k (within the
electromagnetic device) and ¢y, is the tangential position within the region k. Due to Equations (3)-(5),
the solution of the Poisson Equation (2), A, appears as a Fourier series. Given that B = V x A (Gauss’
law of magnetic field), the magnetic flux density in the r and ¢-directions for a given material region
can also be expressed as Fourier series

N
)y (B,s (1) + Becos(Z ) | ©)

N
Z (B(PS sin —q)k) + Byc cos(q)k)) + Byo 7)

where Bys, By, Bys, Bypc and By are obtained from the solution of the Poisson Equation (2), given by:

By = anr%fl + bnf%il + Grs (8)
Bre = —Cor % ' —dur % ' +Greo )
Bys = Car® —dyr %+ Gys (10)
Bye = aur % by %+ Gyc (11)

1 A
Bgpo = Eﬂfzor + poMgo — 70 (12)
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where ay,, by, ¢n, dy and Ag in Equations (8)—(12) are obtained by considering the boundary conditions
between the different material regions of the modeled electromagnetic device. The solutions for Gys,
Gre, Ggs and Gy are available in [8].

2.2. Harmonic Modeling of an Electrical Motor

The selected motor topology in this paper is the fractional-slot concentrated-windings PM
motor [11] shown in Figure 3, which has favorable characteristics such as high torque density and low
cogging [12]. For modeling purpose, the motor structure is represented by Figure 4. The structure is
characterized by the material regions (I, 11, etc.) described in Table 1 and parameters ro, ...r7. Note that
the slot winding regions IVy,..., IV are simplified from its actual shape in Figure 3, as illustrated in
Figure 5, in which w; denotes the tooth width. The equivalent current density of the winding J¢; in
Figure 5 is calculated as
Sactual 1 + ]2

(13)
Ssimple 2

]eq =
where Sgepyq and Sgipple are the cross-section areas of the actual and simplified slot winding,
respectively, w; shown in Figure 5 is the tooth width, and J; and ], denote any adjacent current
densities within a slot.

Winding
(stationary)

PM array
(rotating)

A
Stator Rotor
ferromagnetic core ferromagnetic core

Figure 4. Representation of the electrical motor structure for modeling purpose.
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Table 1. Modeled regions in the motor, based on Figure 4.

Region  Description = Parameters

- Number of PM pole pairs, p

- Pole-arc to pole-pitch ratio, 7, = Z—;
- Remanence, B,

- Relative permeability, y,

I Airgap N/A
- Number of slots, Q
- Slot opening, a5

- Number of slots, Q
IVi, o Slotwinding - Slot opening, as
- Current density, |

1 PM array

I, o Slotair

Figure 5. Slot winding region simplification.

To obtain the expression for the magnetic flux density distribution throughout the investigated

motor, Equations (6) and (7) are defined for each of the regions (Table 1) and the corresponding
unknown coefficients in Equations (8)—(12) are solved through a set of linear equations arising from
the following boundary conditions:

Neumann boundary condition

This specifies the tangential magnetic field strength to be H, = 0 [8] at the boundary between
two regions of which one has y = oo, giving

1.  Between region I and rotor ferromagnetic core (r = r1)
By,r — poMg,1 =0 (14)
2. Between region IV, and stator ferromagnetic core (r = rs5), forqg =1,...,Q
Bg,1v, =0 (15)

Continuous boundary condition

By applying Maxwell equations at the interface between different regions [13], the boundary
conditions B,y = B, xy1 and Hyx = Hy k1 are obtained, where k and k + 1 indicate adjacent
regions having a finite permeability (4 # oo). Considering regions with the same tangential width,
the following continuous boundary conditions are identified:

1. BetweenregionsIand Il (r = rp)
B,1 = Br11 (16)

By, 1 — toMg,1 = Mr,inBy,11 (17)

2. Between regions Ill; and IV, and stator ferromagnetic core (r = r4), forg =1,...,Q

By 111, = By,1, (18)



Actuators 2016, 5, 10 6 of 22

By, 111, = By,1v, (19)
e  Combination of Neumann and continuous boundary conditions

Each slot air region III;, . o has different tangential widths with respect to the radially adjacent
airgap region II. This gives rise to a combination of both Neumann and continuous boundary
conditions which hold at certain intervals between regions Il and Ill;, forg =1, ..., Q:

By i1, = Bri1,  for 0 < ¢jg < as (20)

Q
Hyir = Hy, , for0< g <ag,
2 qg:l P14 79 s 1)

=0, elsewhere

The slots introduce tangential Neumann boundary conditions on region IIl;, resulting in H, = 0
at the tangential boundaries ¢;; = 0 and ¢;; = a;. Consequently, the cosine component of B,
in in region Ill; vanishes, resulting in B;. = 0 and Bys = 0. Therefore, the boundary condition
Equation (20) can be expressed as

M N
mrt nrm
2 B sin|{ ———oi, | = E B sin [ — 22
m=1 ettty ((’xs /2) (P]q) n=1 et ( Tk (Pk> 22

where M denotes the number of modeled harmonics in region I1];. To simplify Equation (22),
a correlation technique is applied [8], resulting in
N
By 111, = ) (Bys 1165 + Bre 11€c) (23)

n=1

The boundary condition Equation (21) can be expressed as

N

. [(nm nrm
2 [(BQBU - V0M¢5n) sm < - (PH> + (B(PCII - FOMQDCU) €os ( o (PH)} =
n=1

Q[ M mr (24)
Yo ) |:<B(pc,IUq - Hoprc,mq) cos (M¢jq) + Bq;o,mq]
g=1 |m=1 s
which can be simplified through the correlation technique as follows:
Q [ M 1
Bys; — HoMgs;; = Y | ) KBqac,mq — ,uOM(pC,IIIq) Ke + Bq)O,IIIqKO] (25)
qg=1 [m=1 i
Q [ M |
Bociy — HoMeey, = Y | Y [(B(pc,m,, - VOM(pc,IIL,]) Cct+ BgoO,HIq€O:| (26)
q=1 | m=1 J

where €5, €., k¢, ko, {c and (g are the correlation terms (see [8] for the solutions).

2.2.1. Model Verification

The analytical model is verified by comparing the calculated spatial magnetic flux density
distribution with that obtained from a 2D nonlinear FEM (Finite Element Method) model. Table 2
presents the motor parameters used for the model verification. As evident from Figure 6, there is an
excellent agreement between the calculated airgap (region II) magnetic flux density from the analytical
and FEM models. Furthermore, the simulation duration of the analytical model is significantly shorter
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than that of linear and nonlinear FEM models by factor 20 and 120, respectively, as apparent from
Table 3.

Table 2. Motor parameters for the model verification.

Parameter Value
No. of PM pole pairs, p 7

No. of slots, Q 12
Inner shaft radius, r( 2.7 mm
Inner ferromagnetic core outer radius, r; 3.7 mm
Inner PM outer radius, r, 5.7 mm
Inner airgap outer radius, 3 6 mm
Slot air outer radius, 74 6.5 mm
Slot winding outer radius, r5 10.5 mm
Outer stator radius, 7g 12.5 mm
Axial length, L 18 mm
Slot opening, a5 5°
Tooth width, w; 2 mm
PM pole-arc to pole-pitch ratio, T 1

PM remanence, B, 1.39
PM relative permeability, y, 1.05
Ferromagnetic core material (for FEM) M330-35A
Current density, | 5 A/mm?

Andl ytical
FEM )
— 1 . 5 I I I I 1 1 1
0 50 100 150 200 250 300 350

¢ []

Figure 6. Airgap radial magnetic flux density (region II) of the motor.

Table 3. Simulation duration of the analytical and FEM (Finite Element Method) models, as executed
in a PC with Intel Core i5-2500 (3.3 GHz) processor, 16 GB RAM and 64-bit Windows 7 OS.

Duration
Analytical (Linear) FEM (Linear) FEM (Nonlinear)
0.05s 1s 6s

2.3. Harmonic Modeling of a Magnetic Gear

The considered magnetic gear topology in this paper is depicted in Figure 1, which for modeling
purpose is represented by the structure in Figure 7. The modeled material regions (I, II, efc.) of the
magnetic gear are described in Table 4.
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Outer Pole-piece Inner
Ferromagnetic core Ferromagnetic core

Figure 7. Representation of the magnetic gear structure for modeling purpose.

Table 4. Modeled regions in the magnetic gear.

Region Description Parameters
- Number of inner PM pole pairs, p;,
- Pole-arc to pole-pitch ratio, 7, ;,, =
- Remanence, B,
- Relative permeability, i,
II Inner airgap N/A
- Number of pole-pieces, Q
Iy, ., o Airbetween pole-pieces - Tangential width, app
- Pole-piece arc-to-pitch ratio, 7o = 1 — 522
1% p 7 Q 21/Q
v Outer airgap N/A
- Number of outer PM pole pairs, pout
- Pole-arc to pole-pitch ratio, Ty,out = z—z
- Remanence, B,
- Relative permeability, y,

SR
5]

I Inner PM array

\% Outer PM array

As in the case of the electrical motor modeling, the magnetic flux density in the magnetic gear is
obtained by considering the following boundary conditions:

e Neumann boundary condition atr = ry and r = r4

e  Continuous boundary condition at ¥ = 1y and r = r5

¢  Combination of Neumann and continuous boundary conditions at » = r3 (between regions II and
Iy, ., o) and r = r4 (between regions IV and III;, _ o)

e  Conservation of the magnetic flux around the pole pieces

This boundary condition concerns Gauss’ law for magnetic field given by
¢ Bas =0 27)
S

By applying the the above to the pole-piece depicted in Figure 8, the following is obtained

Pq+1 "Pa+1
/ Br v — / By 11 +
q] r=ry q)q r=rs

q
/’4
By, 111, ‘ =0
o=pp1  Jry P lg=g,

(28)

Ty
B(P/IIIq+1
3
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for whichg =1, ..., Q —1, with Q — 1 being the number of independent equations. An extra
equation is required to solve all the unknowns, obtained from the application of Ampere’s law at
the pole-pieces radial boundary highlighted in Figure 8, as follows:

lim ¢ Hdl = / Tds (29)
he—0.JC S
for which ] is zero, resulting in
Q
Y @ppHo 111, = 27Hg 1v (30)
q=1

where /. is the infinitesimal height of the boundary between region IV and III;. Since Byo,;v = 0,
the following is obtained:

i Xpp
——Byo,111, = 0 (31)
= Ho 4 q

Figure 8. Geometric parameters of the pole-pieces.

2.3.1. Model Verification

Table 5 presents the magnetic gear parameters used for the model verification. As evident
from Figure 9, there is an excellent agreement between the calculated airgap magnetic flux density
distributions from the analytical and FEM models.

15 : . : . . . .
1

0.5
03
—0.5
-1

—1. 5 1 1 I I I I I
0 50 100 150 200 250 300 350

¢ []

By [T]

Figure 9. Airgap radial magnetic flux density (region II) of the magnetic gear.
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Table 5. Magnetic gear parameters for the model verification.

Parameter Value
No. of inner PM pole pairs, pjy, 2
No. of outer PM pole pairs, pout 5
No. of pole-pieces, Q = pi, + Pout 7
Transmission ratio, Nyg = o 3.5
Inner shaft radius, r( 2.5 mm
Inner ferromagnetic core outer radius, r; 4.5 mm
Inner PM outer radius, r; 55 mm
Inner airgap outer radius, 3 6 mm
Pole-piece outer radius, 4 8.5 mm
Outer airgap outer radius, 5 9 mm
Outer PM outer radius, r¢ 10 mm
Stator outer radius, ry 12.5 mm
Inner PM pole-arc to pole-pitch ratio, T, i, 1
Outer PM pole-arc to pole-pitch ratio, Ty, out 0.9
Pole-piece arc to pitch ratio, 7g 0.5
PM remanence, B, 1.39
PM relative permeability, y, 1.05
Ferromagnetic core material (for FEM) Steel 1010

3. Definition of Optimization Problem Statements

To optimize the shaft-coupled motor and magnetic gear, optimization problem statements are
defined separately for the two considered electromagnetic devices. A general optimization problem
statement [14] is given as follows:

Minimize the objective function

f(X) (32)
subject to inequality constraints
gu()_f) <0 fora=1,..,x (33)
equality constraints
hy(X) =0 forb=1,..y (34)
and bound constraints
XL <X < X' forc=1,..,z (35)

where X = [X; X; ... X,] is the design variable vector, X\ and X* are the lower and upper bounds of
a design variable, respectively. Based on the design requirements, the functions Equations (32)—(34)
are derived from the model of the investigated electromagnetic device. In this paper, the chosen
optimization algorithm is the interior-point method [15] that can deal with nonlinear constraints and
known for its speed and robustness [16].

3.1. Optimization Problem Statement for the Electrical Motor
e  Objective function

The considered application requires that the motor and magnetic gear are compact and lightweight.
An objective function that handles these requirements is the inverse of the mass torque density

= m
fmot(Xmot) = Tmot (36)

mot

where 11,;0; is the motor mass and T}, is the motor peak torque, defined as the highest level of
torque that can be sustained for a period of time while the winding temperature rise does not
exceed its limit. A thermal model is therefore developed, which is used to estimate the motor
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winding temperature and to derive the respective inequality constraint function (further described
in the next part of this paper subsection).

The motor torque T, can be calculated using Maxwell stress tensor as follows:

Lr? 27
y;” ; B 11By,11d (37)

Tmot =

where L is the axial length, r;,, = % is the radius of the middle of airgap region Il in Figure 4,
B, 11 and B, 11 are the radial and tangential magnetic flux densities in region IL

e Inequality constraint functions
- Winding temperature

Based on Equation (36), the following constraint on the peak torque is defined

81,mot = ®w,105 <100 °C at pw (38)

where O, 195 is the winding temperature that can be sustained for 10 s (given that its initial
temperature at time = 0 s is the same as the ambient temperature), while the peak winding
copper loss P, is maintained. Note that core (iron) losses also contribute to the temperature
increase, although this is neglected in the considered application since the motor maximum
speed is 3000 rpm, which is relatively low for the investigated topology and this occurs
only in a transient task. Ultimately, constraint function Equation (38) imposes a limit on
the winding current density when the motor peak torque is applied. A simple transient
thermal equivalent circuit (TEC) in Figure 10 is developed to estimate the temperatures in
the winding (0,) and stator (®;) as functions of time, which are obtained by solving

Coh 0] |O Py

Ow C ] [@ZU‘| = [ Ogmb ] (39)
S s Ry,2+Rh

where Ry, Ry,l, Ry,Z are the radial conductive thermal resistances of the winding, stator

yoke (inner and outer part), respectively, and Ry, is the convective thermal resistance (natural

_ 1 1 gt
Rflv+Ry,1 Rtw+Ry,1 + Ry,2+Rcvnv ®S dt

1 __ 1
Ruw+Ry Rew+Ry ] [®w] d
1

cooling is assumed). Cy and C; are the thermal capacitances of the winding and stator,
respectively. The calculation of thermal resistances and capacitances are based on the method
described in [17]. The winding copper loss P, is calculated as

_ QU/V2)*peuleoitSeoit

Py X,

(40)

where ] is the current density, [.,; is the single-turn length of a winding coil loop, S is the
coil cross-section area and ky is the slot fill-factor. Figure 11 illustrated the temperatures of
the motor winding and stator dynamically respond to the changes in copper loss, at ambient
temperature of 20 °C. A good agreement between TEC and FEM is apparent.

0, Riw Riry 0, Rary Ry

®amb

Figure 10. Simplified thermal equivalent circuit (TEC) of the motor.
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80 T T T T T
60 g ]
oK
Oy (°C) - TEC
40 H
O (°C) - FEM
J —>— 0O5(°C) - TEC
208 H
—+— O5(°C) - FEM
- — —RW)
0 — — Bl Bl — — e I — — —
0 20 25 30

Figure 11. Motor winding and stator temperature dynamic responses for changing values of copper
loss, at ambient temperature of 20 °C.

—  Magnetic flux density in the ferromagnetic cores

The used ferromagnetic core material has a typical saturation point at B=1.5 T inits B — H
characteristic. Thus, to maintain a linear current-torque relation in the motor, the following
constraint functions are defined

gZ,mot(imot) =B <15T (41)
83,mot(imot) =B;<15T (42)
where By and Bs are the magnetic flux density in the stator tooth and stator yoke, respectively,
given by
Pi
By =7~ 43
ti Lwt ( )
(Psi
Bj= 13 44
g L(T’é — 7‘5) ( )

where w; is the tooth width, ¢;; and ¢;; are the flux that goes through the i-th tooth and j-th
yoke part (see Figure 12), respectively, estimated as

9i2

¢ = Lr3 By, de (45)
Pin
1!
¢sj = 0 Y Prmod(j+i-1,0) (46)
=1

where mod(j +i — 1, Q) in (46) is a modulo operation, giving the remainder after division
between j +i — 1 and Q, while the integration limits ¢; ; and ¢; , are depicted in Figure 12.

- Torque ripple

A smooth torque characteristic is required in the considered application. For that reason, the
ripple in the motor torque shown Figure 13 is constrained by the following function

max(Tmot) - min("f"mot) <19% 47)

84,mot(Xmot) = =
Tmot,uvg
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where Tyt is the motor peak torque and Tmot,ﬂvg is the average value of motor peak torque.

9 L P2 0y

leded |

Figure 12. Flux in the stator tooth and yoke.

0.0335 . . .

0033}

0.0325

Tmot [NM]

0.032 . . .
0 5 10 15 20

Bt [°]

Figure 13. Torque ripple as a function of motor rotor mechanical position 6.

e  Equality constraint functions

A series of optimization tasks will be performed on the motor. For a given optimization task, fixed
values of motor outer dimensions are assigned. Therefore, the following equality constraint on
outer diameter D, is introduced

hl,mot (Xmot) = Dot (48)

Meanwhile, the motor axial length L, is assigned as a design parameter.

e  Design variables and bound constraints

The design variable vector X,,¢ consists of motor geometric parameters (see Figure 4) and
current density

Xmot = [ro, (r1 —10), (ra —11), (r3 — 12), (ra — 13), (15 — 14), (6 — 15), &5, T, wt, J| ~ (49)

for which each variable adheres to the following lower and upper bound vectors (X!, , and

X! ., respectively),
anot = {1 mm, 1 mm, 1 mm,0.2 mm, 0.2 mm,1 mm, 1 mm,3°,0.5,1 mm, 1]0} (50)
gu _[T6 Te T6 T6 Te To 1o Te
Xmot_[2/2/2/2/2/2/15,2,1,1mm,1O] (51)
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3.2. Optimization Problem Statement for the Magnetic Gear

Objective function

Similar to the electrical motor optimization, the defined objective function of the magnetic gear is
the inverse of mass torque density

= m
fng(Xmg) = 7 = (52)
mg,out

where 11,4 is the magnetic gear mass and ng,out is the peak value of the outer rotor torque, which
has a sinusoidal torque-position characteristic. This is shown in Figure 14 together with the torque
characteristics of the inner rotor and stator. The outer rotor torque Tyg,0u¢ is calculated as follows:

ng,out = ng,stat - ng,in

2 2
L (#) ™o L (erzrrS) o (53)
= o 0 r,1VDg,1va@ o r,11Dg,114¢

where Tyg stat and Tyyg iy are the magnetic gear stator and inner rotor torque, respectively.

Inequality constraint functions

- Magnetic flux density in the ferromagnetic cores

Constraints on the magnetic flux density in the pole-pieces and stator core of the magnetic
gear are introduced to avoid saturation in the ferromagnetic cores, which leads to the
inaccuracy of the analytical model with respect to the FEM model that accounts for nonlinear
B — H curve of the ferromagnetic steel 1010. The constraint values are selected such that
the resulting torque is maximized while the analytical model accuracy is not significantly
sacrificed. Figure 15 shows the variations of torque and discrepancy between analytical
and FEM models for different values of the constraints B, pp and B, sc, belonging to the
pole-pieces and stator core, respectively. The constraints By, pp = 3 T and By pp = 3 T as
calculated by the analytical model are selected based on the previous consideration on torque
and model accuracy; thus, the following constraint functions are defined:

gl,mgo?mg) =Bsc <3T (54)

$omg(Xmg) = Bpp < 3T (55)

where Bgc is the magnetic flux density in the stator core, estimated through

Lrg [XC B, yd
Bo = 95— Lelo™ Brvdo (56)
L(ry —r¢) L(ry —r6)

where ¢sc is flux that enters the stator core over a range, from ¢ = 0° to ¢ = agc as
illustrated in Figure 16, for which the angle asc is determined from the zero crossing of the
vector potential spatial distribution A,y in region V. Meanwhile, Bpp is the magnetic flux
density in the pole-piece

1 9Az PP dA,pp >
Bpp =4/ rpp+B \/ rpp ) +( 5 (57)
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where A, pp is the vector potential distribution throughout regions I1Iy,... Illg and the pole
pieces, obtained through the the following linear interpolation

74—7PP+A 'pp — 13
4

’

A =A
z,PP z, 11 4 — 13 14 4 — 13

(58)
where A, and A,y are the inner and outer airgap vector potential distributions,
respectively, while rpp = % (see Figure 7 for r3 and r4). As can be seen from Figure 17,
there is a good agreement between the analytical and FEM estimated values of Bsc and Bpp.

0.6 ; . . : : : . T
04} 1
5
Z
[}
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‘‘‘‘‘ Stator
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emg.in [O]
Figure 14. Torque exerted on the the magnetic gear rotors and stator as a function of inner rotor position
Omg,in, While the outer rotor position is fixed.
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Figure 15. Optimized magnetic gear outer rotor peak torque ng,out and its estimation error, as
functions of magnetic flux density saturation constraints in the pole-pieces and stator core, Byt pp and
Bsat,sc, respectively.
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Figure 16. The circled zero crossing of A,y indicates the angle ag¢c, over which flux passes through
the stator core.
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Figure 17. Estimated magnetic flux densities in the stator core Bgc and pole-pieces Bpp as a function of
inner rotor position 0,,¢ iy

e  Equality constraint functions

Following Equation (48), the following constraint on the magnetic gear outer diameter Dy
is introduced

hl,mg(img) = Dmg (59)

Additionally, the magnetic gear axial length Dy, is fixed as a design parameter.
e  Design variables and bound constraints

The design variable vector Xmg consists of the magnetic gear geometric parameters (see Figure 7)
Xmg = [ro, (r1 —10), (r2 —11), (r3 — 12), (ra — 13), (r5 — 14), (v6 — 15), (r7 — 76), TQ, Tmout] ~ (60)

Each of the design variables has lower and upper bounds defined in the vectors )_f,lng and X,Zig,
respectively, as follows:

X,lng = [1 mm,1 mm,1 mm,0.2 mm,1 mm,0.2 mm, 1 mm, 1 mm,0.3,0.3] (61)
ou _ [t7 17 17 r7 r7 17
Xine = [E’ 575l mm, =, 1mm, =, =07, 1} (62)

4. Optimization of the Shaft-Coupled Electrical Motor and Magnetic Gear

4.1. Modeling

The torque Tymg and speed wmg of the shaft-coupled electrical motor and magnetic gear are
expressed in terms of motor torque Ty, Equation (37), speed wy,or and magnetic gear transmission
ratio Ny as follows:

Tmmg = ngTmot (63)
Winot
s = (64)
where -
ng _ Pin T+ Pout (65)
Pin

where p;, and p,u; are the numbers of inner and outer PM pole pairs of the magnetic gear, respectively.
Meanwhile the combined length of the integrated actuator, Lymyg, is given by

meg = Lot + ng + Dmmg (66)



Actuators 2016, 5, 10 17 of 22

where Lyt and Ly, are the axial lengths of the motor and magnetic gear, respectively, and Dymg is
the diameter of the integrated actuator, which is a factor to account for the extended length due to the
shaft coupling and housing.

4.2. Design Requirements

The shaft-coupled electrical motor and magnetic gear will be used as an actuator in a robotic
application that has to be compact and lightweight. These qualitative requirements are taken care
by optimization objective functions Equations (36) and (52). An important design aspect to note
related to the magnetic gear is the choices of inner PM pole pairs p;, and transmission ratio Nyq,
which significantly influence the optimized volume torque density as can be seen in Figure 18. As the
numbers of PM pole pairs p;,, and pout (see Equation (65)) increase, the ferromagnetic cores become
less prone to saturation and therefore they can be made thinner to improve the torque within a given
magnetic gear volume. However, this improvement has its limitation since increasing the number of
magnets implies smaller magnets that deliver less flux, and therefore the volume torque density is
reduced again for higher Ny, and p;,,. Based on this and the characteristics in Figure 18, the values
pin = 3 and 3.33 < Nyg < 9.67 are chosen for the design.

As for the quantitative requirements, the actuator has to deliver a peak torque of 1 Nm and
has a maximum speed of 300 rpm. Note that from Equation (64), the required maximum speed can
be achieved regardless of the magnetic gear transmission ratio, since the motor maximum speed is
3000 rpm (see Section 3.1). Additionally, there are following requirements related to dimensions

o  The diameter of motor is equal to that of magnetic gear.
e  The maximum axial length of the actuator is twice its diameter.

_ 200 T o~ T T T T
a 7\ ~
E , "'--¢~\‘.,
IS <\
Z 1 A~
= 150 ’ .37~
2 i — i
‘D ‘-
é —— D=1 \/\/:‘~~
g ~ T
3 100l — Din = 2 ~ _ |
2 3
© == =pn=3
£
% ‘‘‘‘‘ pin:4
> 50 1 T 1 1 1 1 1
0 2 4 6 8 10 12 14 16

Transmission ratio, Nmg

Figure 18. Optimized volume torque density characteristic of the magnetic gear as a function of its
transmission ratio.

4.3. Response Surface Methodology

To reduce the computational burden associated with the simultaneous electrical motor and
magnetic gear optimization, a major reduction of design variables, from 21 Equations ((49) and (60))
to five variables, is performed by expressing the electrical motor and magnetic gear peak torques
as functions of their respective outer dimensions and transmission ratio, i.e., Tmot(Dmot, Luot) and
Ting,out (Ding, Lmg, Nimg). The functions are approximated through the application of response surface
methodology from a series of motor and magnetic gear optimization tasks.

Response surface methodology (RSM) is a technique to approximate a functional relationship
between a response y and a number of input variables x1,xp, ..., xx [10] of a given system. The
approximated function is in the form of a first-order or the following second-order polynomial model:

k k
y=PBo+ Y Bixi+ Y.y Bixixj+ Y Bixi +e€ (67)
i=1 iz

i<j j
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where By, B;, Bij, Pii are regressions coefficients and € is a random error. Equation (67) can be
expressed as
y=XB+e (68)

where X is a n X p matrix containing p variables from Equation (67) obtained from n experiments, B is
a vector of regression coefficients and € is a vector of random errors from n experiments. The estimated

~

value of the regression coefficients vector, 5, is obtained from the least-square method as follows [10]:
B=(xX'X)" Xy (69)

In the context of this paper, an experiment refers to the set-up of the optimization design variable
and parameter values that are chosen based on the Design of Experiment (DOE) method. Several DOE
methods for first- and second-order polynomial models are described in [10]. The chosen DOE method
in this paper is the popular one for approximating second-order models, i.e., Central Composite Design
(CCD) [18,19].

To apply the CCD, a range of input variable values are initially selected. Based on pre-calculations,
the following input variable range of values are expected to fulfil the design requirements

e 20mm < Dy <40mm, 5 mm < Lo < 15 mm
e 20mm < Dmg <40 mm, 10 mm < ng <20mm, 3.33 < ng <9.67.

Next, CCD design matrices are defined for the motor and magnetic gear, as denoted by Dccp ot
and Dccp,mg in Equation (70) , respectively. Each matrix contains the normalized values of the previous
input variable values, which are used as design parameters in the optimization problem statements in
Sections 3.1 and 3.2. Note that for a given optimization task, the electrical motor assumes the same
values of p, Q, B,, yi; as in Table 2 while for the magnetic gear, the same values of By, yi, in Table 5.

-1 -1 -1
1 -1 -1
-1 1 -1
[ -1 —1] 1 1 -1
1 -1 -1 -1 1
-1 1 1 -1 1
1 1 -1 1 1
Decpmot = |—V2 0 |, Decpmg = 1 1 1 (70)
V2 0 —1.682 0 0
0 -2 1.682 0 0
0 V2 0 —1.682 0
0 0 | 0 1.682 0
0 0 —1.682
0 0 1.682
0 0 0 |

By applying the previously described RSM on a series of optimization tasks arising from the CCD
design matrices Equation (70), the following polynomial models are obtained

Tmot = [1 Dmot Lmot (Dmothot) Drznot L%wt} B;Fnot (71)

Ting = [1 Dug Lmg Nimg (DmgLmg) (DmgNmg) (LmgNmg) Dig Ling Nio| Bing (72)
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where Tyt and ng are the optimized peak torques of the motor and magnetic gear, respectively, and
the regression coefficients vectors Bmot and Bmg are given by

Buot = [0.8709 —0.0513 —0.0958 0.0045 0.0006 0.0006]

‘Bmg =[2236 —0.2294 —0.1718 0.2848 0.0103 0.0042 0.0008 0.0036 0.0003 — 0.0288|.

The motor and magnetic gear peak torque values from the series of optimization tasks are shown
in Figure 19. There is a good agreement between the torque values calculated from the RSM and
analytical model. Based on this finding, the simple polynomial functions obtained from RSM, i.e.,
Tyot (Dimot, Limot) and ng,out(Dmg, Ling, Ning), are used for the optimization of the shaft-coupled motor
and magnetic gear.

— RSM
O Analytical

Tmot [NM]
Tmg,out [NmM]

Lmot [mm] 0 0 Dot [mm] Limg [mm] 0 0 Dmg[mm]

Figure 19. RSM approximated motor and magnetic gear torque.

4.4. Definition of Optimization Problem Statement

Multiple objectives are considered in the optimization of the shaft-coupled motor and magnetic
gear, namely for the minimization of outer diameter D¢ and transmission ratio Nyg. A single
objective function can be formulated by the scalarization [20] of the two objective functions as follows:

fmmg()?) = W1Dpumg + WaNmg (73)

where wi and wy are linear weights (with 0 <w; < 1and 0 <wj, < 1) that will be varied in a series of
optimization tasks to obtain a Pareto front. Meanwhile, the following constraints are defined based on
the design requirements discussed in Section 4.2:

gl,mmg(i) = Tmmg > 1Nm (74)
gZ,mmg(X) = <2 (75)

mmg
hl,mmg(}?) = Dyt = Dmg = Dmmg (76)

Additionally, the following inequality constraint is imposed on the magnetic gear peak torque

gB,mmg(X) - Amg,out Z 120 % Tmmg (77)
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where the additional 20% in Equation (77) is a margin provided above the magnetic gear peak torque
to prevent rotor slip. The design variable vector Xy¢ is given by

Xmmg = [Dmot/ Linot, Dmg/ ng/ ng] (78)

for which the lower and upper bounds of the variables are based on the RSM input variable range of
values in Section 4.3.

4.5. Results

Figure 20 depicts a Pareto front constructed from the objective function Equation (73), which is
useful to evaluate design trade-offs between the magnetic gear transmission ratio Nmmg and the outer
diameter of the shaft-coupled motor and magnetic gear Dy;mg. As the ratio between the weights in

Equation (73), W—; increases, the objective function minimization is emphasized on the diameter D,

resulting in thewdecrease of motor and magnetic gear outer dimensions (see Equations (75) and (76)),
while the magnetic gear transmission ratio Nj;mg increases. This illustrates how the magnetic gear
ultimately contributes in reducing the motor size. On the other hand, it is also evident from Figure 20
that there is little improvement in motor size reduction for higher values of magnetic gear transmission
ratios. This is caused the decrease of magnetic gear torque density as the transmission ratio increases
after a certain value, as apparent from Figure 18. Additionally, from a practical point of view, a high
magnetic gear transmission ratio implies more difficult manufacturing due to the increasing number
of the required permanent magnets (see Equation (65)). Therefore, a specific optimum solution has to
be chosen from Figure 20 to account for the trade-off between the transmission ratio and overall size of
the shaft-coupled motor and magnetic gear.

The chosen optimum solution is marked in Figure 20, corresponding to the variable values
Nmug =53, Dmot = Dmg = 24 mm, Lyt = 9.8 mm and Ly = 142 mm. The resulting
magnetic gear transmission ratio has to match the transmission ratio Equation (65), with p; = 3.
Furthermore, a specific value of the number of outer PM pole pairs p, has to be selected such that the
resulting cogging torque is low [3,21]. Based on these considerations, Ny,;¢ = 5.33 (which coincidentally
is very close to the selected solution in Figure 20) is chosen as the transmission ratio value. A verification
of the optimum solution is performed by separately re-optimizing the motor and magnetic gear using
the analytical model as discussed in Section 3, based on the previous selected outer diameters, axial
lengths and transmission ratio. The optimization results are shown in Figure 21, the average value of
the motor peak torque is 0.19 Nm (resulting in Tyng = 1.01 Nm), while the magnetic gear outer rotor
peak torque is 1.29 Nm, which fulfil the design requirements. By comparing the outer dimensions and
volume of the shaft-coupled motor and magnetic gear, with those of an optimized electrical motor
(having the same design requirements) in Table 6, there is an apparent benefit in terms of size reduction
if the former actuator type is used.

Table 6. Comparison between outer dimensions and volume of the shaft-coupled motor and magnetic
gear, and an electrical motor.

Parameter Shaft-Coupled Motor and Magnetic Gear Electrical Motor Only
Diameter 24 mm 30 mm
Axial length (incl. housing) 48 mm 45 mm

Volume 2.2x10* mm3 3.2x10* mm?3
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Figure 20. Pareto front constructed from the multiobjective optimization results.
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Figure 21. Optimized peak motor torque T, and magnetic gear outer rotor torque

Ting,out characteristics.

5. Conclusions

An actuator based on a shaft-coupled electrical motor and magnetic gear is described in this
paper. High-accuracy analytical electromagnetic models of the electrical motor and magnetic gear are
developed and verified. Based on these models, design optimization objective and constraint functions
are formulated in detail to account for electromagnetic and performance aspects such as magnetic
saturation of the ferromagnetic cores, torque ripple/cogging and torque density.

For the simultaneous optimization of the electrical motor and magnetic gear, response surface
methodology (RSM) is employed to reduce the number of design variables originating from the two
electromagnetic devices, by representing their optimized torques as polynomial functions of their
respective outer dimensions and transmission ratio (for the magnetic gear). A factor four of design
variables reduction is achieved, and, as the polynomial functions are used to model the actuator,
optimizations can be performed rapidly without sacrificing the accuracy of their results. From the
constructed Pareto front, it is evident that the actuator size can be reduced by increasing the magnetic
gear transmission ratio up to a certain level, after which the magnetic gear torque density limitation
becomes more apparent and no further actuator size reduction can be achieved.
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