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Abstract: Many modern high-end vehicles exploit controllable damping solutions to enhance their
adaptability to different road conditions and driving styles. Among these technologies, active
dampers offer improved performance due to their four-quadrant operation in the torque-speed
plane. In active electromagnetic dampers, brushless permanent magnet machines are used because
of their high torque density. However, to the best of our knowledge, a process to set the previously
reported; likewise, which rotor topology exhibits the best performance in such cases has not been
validated. Consequently, the resulting actuator could exhibit suboptimal dynamical performance
and power conversion efficiency. Although some design processes have been formulated in the past
for semiactive controllers (the damping is modified using a variable resistive load), they are not
suitable for active suspension control. Similarly, there are existing solutions to increase conversion
efficiency using mechanical motion rectifiers; however, active forces cannot be exerted, limiting their
applicability to semiactive actuators. Therefore, this paper presents a design methodology, using finite
element method together with MATLAB/Simulink™, to set and test the parameters of AC brushless
PM machines, intended for actively controlled suspensions. A novel approach to set the base speed,
which takes advantage of field-weakening capability, is also presented. To test the proposed method,
three machines with well-known rotor topologies were designed and evaluated as case studies, and
the surface-mounted topology was found to be the most suitable for the analyzed task.

Keywords: electromagnetic dampers; field-oriented control; active suspensions; permanent magnet
synchronous machines; brushless permanent-magnet motors

1. Introduction

Through recent years, the automotive sector has overseen substantial growth in the
inclusion of smart, electrified chassis features. In this industry, mechatronic actuators
are used to develop the so-called x-by-wire solutions, and they are planned to replace
purely mechanical or hydraulic systems in the near future. This choice is motivated by
key improvements in performance, reliability, and economical benefits [1]. Controlled
suspensions can be related to these technologies; they allow the vehicle to adapt to diverse
driving conditions while enhancing ride quality in terms of passenger comfort and road
holding by tires [2]. The interest in controllable suspension has been rekindled by efforts
to develop automated driving systems, which have pushed the requirements of vehicle
dynamics objectives to stricter levels.

Electromagnetic shock absorbers rely on electric machines to provide suspension
operation in the active and passive quadrants, with intrinsic reversibility, favorable con-
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trollability, and regenerative capabilities. In addition, they can be easily integrated in an
electrified chassis, where the bidirectional energy interaction can be adapted to the vehicle
battery system.

Although linear motors offer better adaptability to suspension kinematics, these
devices are higher cost, and have a large volume and mass and limited force output. In
contrast, rotary electric motors can be fitted into typical suspension architectures via proper
mechanical or hydrostatic transmissions that convert linear motion into rotation. Multiple
works have demonstrated that these rotary configurations outperform their linear motor
counterparts in suspension systems [3].

Brushless permanent magnet (PM) machines have widespread use in applications
where high power and torque density are paramount. Accordingly, this type of motor is
increasingly being used in industrial and transport systems [4] due to its reliability, smooth
operation, and extended range above the base speed (field-weakening capability). So, the
use of brushless PM motors in electromagnetic dampers is a clear choice [5].

To yield optimal performance, the design of the electric machine should be tailored for
the application. Although some electromagnetic damper design guidelines are available in
the literature [6], they are inherent to the passive quadrants of operation. In [5], the param-
eters for an AC brushless motor were defined to satisfy a maximum damping specification.
However, the field-weakening capability was not explored. Another important aspect,
heretofore unexplored, is the rotor topology, specifically evaluating the selection of surface-
mounted (SPM) or interior PM (IPM) rotors in this context. These details have been studied
for electric traction applications [7], but remain unstudied in electromagnetic dampers.

This paper presents the design process of brushless PM motors, also called PM syn-
chronous motors (PMSMs), for electromagnetic dampers. SPM, V-shape IPM, and flat
IPM topologies were studied to identify the most suitable choice for the target application.
Torque and speed requirements were defined from a worst-case duty profile of the motor
when used as a full active damper operating in the four quadrants of the torque-speed
plane. An optimization process was carried out to maximize output torque, while account-
ing for the magnetic and geometric constraints of the machine. This approach exploited the
integration between Finite Element Method Magnetics (FEMM) and MATLAB™. FEMM
was used as a simulation tool to evaluate the stationary performance of the machine. MAT-
LAB™ triggered FEMM through a minimization algorithm, where machine features were
varied while converging to an optimal solution. This seamless integration was performed
through the OctaveFEMM function set. The performance of the three optimized machine
architectures was analyzed in a vehicle suspension model with a realistic mission profile,
considering the added energy consumption from inertia and the friction damping of the
rotating parts. Field weakening was used to operate the machine during peak speed
transient periods.

The remainder of this paper is organized as follows. In Section 2.1, system require-
ments are established from vertical vehicle dynamics while applying an active suspension
control strategy. Then, Section 2.2 describes the geometric and winding features for the
stator and each of the rotor topologies. The optimization process is detailed in Section 2.3.
Subsequently, each optimal machine configuration is characterized using field-oriented
control; loss and efficiency maps are calculated (Section 2.4). Later, the performance of the
different machine topologies is analyzed and compared for the use case in Section 2.5. The
results are presented and discussed in Section 3. Last, Section 4 concludes the work.

2. Design

The electric machine, the target of this design, was assumed to be integrated inside
an electromagnetic shock absorber for full active suspension control. Given the nature of
suspension motion, a mechanism is necessary to convert linear displacements into rotation.
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Many options are possible in this context [3]. However, for the purpose of this study, an
ideal transmission ratio can be defined as

Zd
T = — 1
=t M
where wp, is the mechanical angular speed of the electric machine, and Z4 is the actuator
speed. For this application, 7; = 1.32 mm/rad; this value was obtained from a previously
designed actuator [5]. Similarly, the actuator force F, is directly proportional to the motor
torque Tiy:

Tm
Tt '

F, @)
These simple relationships allow mapping suspension force and linear velocity re-
quirements into torque and angular speed.

2.1. System Requirements from Vehicle Dynamics

The performance of a regenerative damper was analyzed through the vertical dynam-
ics of a passenger vehicle using a quarter-car model (Figure 1). In this case, the traditional
damper was replaced with an ideal active actuator that represents the electromagnetic
shock absorber. The expressions that govern this system are

msZs + ks(zs — Zu> —FE =0 3)
myZy + kS(Zu - ZS) + ku(zu - Zr) +FE =0 (4)

where labels s,u denote the sprung (chassis) and unsprung (wheel hub) bodies, respectively.
Generalized coordinates are denoted with zs,, whereas body masses are given by ms ;.
Parameters ks and ky are the stiffness of the suspension spring and the tire, respectively.
The input z; is the road roughness vertical displacement profile, while F; is the active force
provided by the damper.

(.
17/ 7R —

Figure 1. Scheme of a quarter car. The traditional damper is replaced with an ideal force actuator.

The quarter-car model was simulated in MATLAB/Simulink™ using the parame-
ters listed in Table 1. The vehicle features belonged to the C-class vehicle template in
the automotive software CarSIM™. To ensure proper sizing, the road class and vehicle
longitudinal speed were selected to generate worst-case road unevenness. This choice
leads to severe activity on the electric machine. A classical suspension control based on
mixed skyhook—groundhook strategies [8] was applied. Thus, the active force reference is
given by

Fa,ref = _Cskyzs + andzu ©)

where cgy and cgng are the tunable skyhook and groundhook damping coefficients, respectively.
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Table 1. Simulation parameters of the quarter-car model.

Parameter Symbol Value Unit
Sprung mass Mg 413.5 kg
Unsprung mass My 66.3 kg
Spring stiffness ks 29.36 kN/m
Tire stiffness ku 268 kN/m
Suspension stroke limits - +50 mm
Vehicle longitudinal speed - 70 km/h
Road roughness index (ISO-C) — 25.6 x 1077 m-cycle
Actuator force limits - £2 kN
Actuator bandwidth — 1 kHz

The sprung mass acceleration was used to assess passenger comfort; it was filtered by
a third-order bandpass filter that amplifies human-sensitive frequencies [9], according to
the ISO 2631 standard [10]. Likewise, tire road holding was determined by the so-called
road-holding index, i.e., the ratio between the tire elastic force and the corner weight [11]:

ku(zu - Zr)
(ms + my)ag’

(6)

Mth =

where 4y is the gravity acceleration.

The simultaneous optimization of comfort and road holding is not possible because
there is an intrinsic trade-off between them in a passenger car [8]. Therefore, the optimal
gains for cgyy and cgnq were found by minimizing the root mean square (rms) weighted
(filtered) chassis acceleration 4, or the road-holding index #,3,. In both cases, the suspension
stroke zq = zs — zy was constrained to its mechanical limits, whereas the road-holding
index was restricted below unity to avoid wheel detachment from the ground. The control
gains and their respective metrics are outlined in Table 2.

Table 2. Optimal suspension operating points considering the classic control approach.

" Csky Cend rms (a) rms (#y1,) rms (F,)
Condition [kNs/m]  [kNs/m]  [m/s?] ] N]
Comfort 11.133 1.056 0.83 0.30 499.5
Road holding 3.072 3.292 1.48 0.22 635.5

Then, the actuator design parameters were based on the following considerations.
Firstly, continuous actuation force was obtained from rms(F,) in the worst-case condi-
tion (road holding); thus, Feont = 635.5 N. This force can be related to the continu-
ous operation of the electric machine. Considering an air-cooled device through natu-
ral convection, the actuator should exert this force while supplied by a current density
rms(Jeont) = 6 A/mm? [12]. Secondly, the motor speed was selected by analyzing the effect
of field weakening on vehicle dynamics, unlike previous studies in the literature omitting
flux-weakening operation [5].

To this end, the ideal force actuator on the quarter-car model was dynamically satu-
rated according to

@)

Fa(0) Feontky if |v| < v}, Constant force region
t(v) = . .
* Feontkj22  if [v| > v}, Constant power region

where v = Z4 is the actuator speed. The actuator base speed v, represents the limit between
the constant force and the constant power regions. A coefficient kj = 3.3 was included to
account for the overload capability of the machine in transient conditions (less than ten
seconds). Hence, a suitable base speed must be selected to set the field-weakening region
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boundary to the machine without hindering the dynamic response of the vehicle. Note
that the machine sizing is based on current density limitations following the empirical
thermal performance available in the literature [12]. A dedicated thermal model is needed
to properly assess this point. However, in the given application, the set up of such model is
very complex due to the uncertainty of heat sources, such as the vehicle engine, the brake
calipers, and the airflow running through the wheel arch, among others. Although these
details are of relevance and interest, they are beyond the scope of the present study.

The results in Figure 2 illustrate the effect of changing v}, on both the suspension
stroke and theroad-holding index limits. These values should not exceed the established
restrictions: max(|74]) < 1, max(|zq|) < 50 mm. Base speed values above 0.54 m/s led
to suspension stroke and road-holding index values that fulfilled the aforementioned con-
straints. Thereby, this value was selected as the base speed for the electric machine design.

3 : : : 100
25 ¢
— 80}
T g
~ 2} B
< f—
= 5 O
c;é 1.5+ \%/
g g 40! ]
11 .
0.5 : : : 20 : : :
0.2 0.4 0.6 0.2 0.4 0.6
v, [m/s] v [m/s]

Figure 2. Suspension stroke and road-holding index limits while varying the base speed v},. Two
control strategies were considered: optimal comfort (circle) and road holding (square).

Finally, applying (2) and (1), the force and linear speed values were converted to torque
and angular speed targets: Teont = 0.84 Nm, wp, = 3907 rpm. Figures 3 and 4 show the
electric machine activity within the suspension when controlled with the optimal comfort
and road holding strategies. Remember that the obtained suspension activity comes from a
worst-case simulation where the vehicle runs at 70 km/h on an ISO-C road profile. In this
condition, the actuator rarely works in the field-weakening region. The comfort strategy
operates in field weakening 5.4% of the time. For the road-holding strategy, field weakening
takes place only 0.2% of the time. It is worth noting that although field weakening is rarely
used in normal vehicle operation, rare situations, such as traveling over a bump or pothole,
push the suspension to speeds in excess of 10 krpm. Then, the machine should be able to
enter the field-weakening region in these extreme cases.

3

speed [rpm] x10*

Figure 3. Optimal comfort (circle) and road-holding (square) strategies at the motor level: torque
versus angular speed. The theoretical field-weakening limit (dashed) is also outlined.
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Figure 4. Optimal comfort (right) and road-holding (left) strategies at the motor level: torque and
angular speed-time histories.

2.2. Machine Geometry and Winding Scheme

In a suspension, compactness is key to guaranteeing proper kinematics without in-
terference. In fact, suspension elements share space with other assemblies, such as the
brakes and the wheel. For the front axle, the steering must also be taken into account.
These constraints are considered in the electric machine design, where the main goal is to
maximize the output torque to limit the actuator volume and mass.

To yield a compact electric machine, a fractional-slot motor topology with a double-
layer winding was selected. This choice brings multiple advantages. First, these layouts
minimize end-turn length, thus leading to a compact machine in terms of the axial envelope
and low end-turn Joule losses. Second, fractional-slot layouts exhibit low cogging torque
ripple without needing to apply additional mitigation techniques [13].

Different pole-slot combinations are possible for fractional-slot PMSM topologies.
These choices lead to different values of the winding factor, which is a measurement of
the effectiveness of the magnetic flux linked in the coils [14]. Accordingly, the torque and
back electromotive force (EMF) are proportional to the winding factor. In this regard, a
twelve-slot, ten-pole PMSM configuration was selected as the base architecture for all the
machines in this study. This combination leads to a relatively high winding factor with
respect to other alternatives, maintaining a low harmonic content on the back EMF, which
has a positive impact on the machine efficiency.

The stator geometry was the same for all the machine designs, although numerical
dimensions varied among solutions. As shown in Figure 5, the stator geometry is defined
by outside radius Rso, back iron radius Ry, back iron width wy,;, tooth base width wy,,
slot base width wy,, slot inner width wg;, tooth width wy, shoe opening ws, shoe depth d;,
tooth-to-shoe depth dy, tooth base depth d3, and air gap length g. Its winding obeys the
fractional-slot topology with two layers per slot, as also illustrated in Figure 5.

On the contrary, rotor topologies did change for the tested machines. IPM geometries
present flat and V-shaped magnets. They are depicted in Figure 6. Common parameters
are shared among rotor geometries: magnet length /1, outer rotor radius Ry, and inner
rotor radius R;i. The SPM topology is further specified by rotor back iron wy,; and magnet
fraction ay = T/ Tp, where T, is the magnet pitch, and 7;, is the pole pitch.
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Figure 5. Stator geometry and winding layout for a radial-flux PMSM with twelve slots and ten poles.
Phases are denoted by dashed (A), dotted (B), and solid (C) lines.

RI‘O

b
T : .. o
P I w/2
w/2\[% m

(a) SPM (b) IPM flat (c) IPM V-shape

Figure 6. Permanent magnet rotor topologies. Dark and light gray represent PM and iron, respectively.

IPM designs share three parameters: magnet opening angle &, web thickness w, and
bridge width b. The IPM V-shape has an additional parameter, which is the magnet depth
dpm in the radial direction. Dimensions w and b define an iron structure to hold the magnets
into the rotor. The presence of this iron material is relevant, especially when the rotor is
subject to high centrifugal stress. However, oversizing this structure might lead to a short
circuit of the PM paths, which would decrease the air gap flux and, consequently, reduce
the output torque of the machine. Therefore, the proposed design procedure focused
exclusively on magnetic performance. However, a preliminary centrifugal stress analysis
was carried out at 20 krpm on initial IPM cross-sections using Solidworks™. Conservative
values of b = 0.4 mm and w > 0.4 mm were used. These numbers are compliant with the
tolerances of the steel lamination stamping process. Specifically, the minimum distance
between cut features must be between one and one and a half times the material thickness
(0.35 mm for the employed M230-35A steel) [15].

2.3. Optimization Procedure

The motor design process starts by fixing the parameters listed in Table 3. The listed
values belong to common design choices and constraints. The magnetization curve for
the M250-35A steel is depicted in Figure 7. Then, each machine cross-section (stator and
rotor) is optimized to maximize the torque-to-length ratio. In a force actuator, this design
choice aims to minimize the mass of the PMSM, which is a desirable feature in automotive
mechatronics. Since the actuator mass is added to the wheel hub (unsprung mass), it
may hinder the dynamic vertical vehicle performance. This approach differs from those
addressing traction applications where the machine performance is evaluated in a wide
speed range [16].
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Table 3. Fixed design parameters and material properties.

Parameter or Property Symbol Value Unit
Number of magnets Nm 10 -
Number of slots Ns 12 —
Number of phases Npn 3 -
Air gap length g 0.5 mm
Stator outside radius Rso 35 mm
Slot shoe opening Ws 2 mm
Shoe depth dq 1.5 mm
Tooth-to-shoe depth dy 1.5 mm
Stacking factor (M250-35A) - 0.95 —
PM remanent flux density B; 114 T
PM recoil permeability Ur 1.05 -
PM conductivity (N45) Opm 0.67 MS/m
Electrical resistivity (copper) Pcu 2.582 x 1078 Om
Winding fill factor k¢ 0.3 —
2.5

Flux density [T]

10° 10* 10°
Magnetizing force [A/m]

Figure 7. Magnetization curve of M250-35A steel.

Torque was evaluated at continuous current density in the maximum torque-per-
ampere (MTPA) condition. The average torque value was calculated from the simulation
of five rotor positions equally spaced over a stator slot pitch 7,. The first position was
randomly selected within one-fifth of 7, to minimize fundamental and third-order ripple
harmonics [17]. A Dirichlet-type condition was applied to the outer boundary of the air
surrounding each machine geometry. No periodicity in the analysis domain was used in
this case. A sliding band air gap model in FEMM was used to allow movement without
changing the rotor or stator meshes [18]. To speed up computations, a coarse mesh of
approximately 6000 triangular elements was used for each simulation. During optimization,
the average flux density in the stator teeth and back iron was limited to 1.2 T. At this stage,
the winding was simplified as a single turn with the slot fill factor k; specified in Table 4.
The number of turns is defined at a later stage when setting the base speed of the machine.
The total length of the machine was normalized to one meter.

The design variables of each topology are summarized in Table 4. They were varied at
each iteration due to their significance and impact on the optimization objective, i.e., the
output torque. Table 4 also lists the optimized values for these variables. The known effects
of the relevant variables are listed next.

The effect of the radius ratio RR = R,/ Rs is bi-fold. The rotor arm length and PM
surface are directly proportional to the rotor outside radius. In contrast, an increase in this
radius decreases the slot area and reduces the magneto-motive force of the machine [19].
The back iron and tooth base width modify the slot area, but their selection is crucial in
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defining an unsaturated working point of the stator iron paths. Since the rotor is part of
the magnetic circuit path, saturation is crucial therein as well. For this reason, the rotor
and stator back iron widths are set as equal in the SPM design. Similarly, for IPM designs,
a space between the inner rotor radius R;; and the closest PM point is set to 1.5wy;. The
magnet fraction oy, changes the magnet flux toward the stator and the magnet-to-magnet
leakage flux [19]. The role of the angle 6y, is similar in IPM geometries.

The magnet length in the SPM rotor fixes the PM in a safe operating point to avoid
demagnetization. To this end, Im = 2.4 mm was selected to set the so-called permeance
coefficient at a value of five. Since analytically solving the magnet operating point is
difficult for IPM geometries, the magnet length I, was included as a design variable. Also,
the web thickness w was included in both IPM designs because it affects the magnet leakage
flux [20]. Lastly, the magnet depth dpm directly affects the air gap flux density [20].

The particle swarm optimization (PSO) algorithm was selected as it is a readily avail-
able choice from the Global Optimization Toolbox in MATLAB™. Previous efforts have
shown positive results when using this optimization algorithm for electric machinery [21,22].
A custom cost function was designed to perform the following steps:

1.  Define a motor geometry in FEMM by using the parameters listed in Table 4.

2. Simulate the motor performance in FEMM.

3. Extract the torque output, the stator back iron, and the tooth base magnetic flux
density values.

4.  Discard solutions where magnetic flux density values are aboved 1.2 T.

This level of integration is only possible through the OctaveFEMM function set. The
PSO algorithm was set up to have a swarm size of 40, self- and social-adjustment weights
of 1.49, adaptive inertia in the range [0.1,1.1], and the termination criterion was set to a
relative error of 10~2.

Table 4. Independent design variables for each topology optimization. Optimal values (Opt), lower
(Low), and upper (Up) boundaries are indicated.

Desien Variable Symbol SPM IPM Flat IPM V-Shape
& [Unit] Low Up Opt Low Up Opt Low Up Opt
Radius ratio RR(—-) 035 065 037 035 065 049 035 0.65 048

Back iron width  wp; (mm) 2 45 26 1 5 27 1 5 27
Tooth base width  wy, (mm) 4 9 47 2 8 51 2 8 49
Magnet fraction am (=) 091 099 094 — - — — — -
Opening angle Om (deg) - - - 18 31 274 18 32 23

Magnet length Im (mm)  — - - 1 3 29 18 45 21
Web thickness w (mm) - - - 04 1 07 04 2 04
Magnet depth dpm (mm)  — - - - - - 1 5 31

2.4. Motor Mapping

The PMSM model in the direct (d) and quadrature (q) axes and steady-state conditions
can be written in terms of flux linkages as follows:

vg =Rig — pwmAq (8)

vq =Riq + pwmAq )
3 . .

T :EP[/\dlq — Aqid] (10)

where Ad/q denotes the axis flux linkages, R is the phase resistance, wp, is the rotor mechan-
ical speed, p is the number of pole pairs, v4 q indicates the axis voltages, iq q represents the
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axis currents, and T is the electromagnetic torque. In the linear case, flux linkages can be
written as

/\d :Ldid + Apm (11)
=Lgi
Aq =Lqiq (12)

with inductance terms Lq 4 and PM flux linkage Apm. However, flux linkage representation
allows mapping the performance of the machine in the presence of saturation. This
nonlinear behavior inevitably occurs in overload conditions.

To account for leakage effects, the end turn inductance contribution was added to the
flux linkage terms in d, q. The end-turn inductance L. is calculated through an analytical
model [23]:

3
Le = ZLNmyorcpzxﬂ In ( (13)

where 7¢p is the mean coil pitch, and Aj is the slot area. For the concentrated coil winding,
Tep is computed as

27T

Top = R (14)

Before mapping the machine operation, the number of turns per coil N was considered
in the model. In particular, the following scaling relations are valid:

R =R'N? (15)
Mg :Ag,qN (16)
idq :ig,q /N (17)

The superscripts denote that the parameters were computed with a single turn per coil,
as presented in Section 2.3. The resulting resistance, flux linkage, and current are included
in Equations (8)—(10).

The machine was controlled using field-oriented control (FOC) with field weakening,
based on the maximum torque-per-ampere (MTPA) and maximum torque-per-volt (MTPV)
approaches [24]. The process to obtain the FOC maps of the machine is described next.

The dq flux linkage maps were calculated by applying the rms current density vectors
to the machine in the range [0,20] A/mm?. These current density vectors led to specific
values of ig 4. Then, the voltage and torque contributions were computed using the dq
model (Equations (8)—(10)). Finally, the maximum torque was found at different mechanical
speeds of the machine under the following current and voltage constraints:

V13 + 13 < imax (18)
w/vd+v2< Udc (19)

where imax is the maximum current vector norm, and vy, is the DC link voltage.

The characterization of the motor losses is relevant to estimating its overall efficiency.
Hence, copper, iron, and PM loss components were computed using FEMM, automated
with MATLAB™. The resistive losses in the windings were computed as

N

Non (20)

Pcy =6 rIns(])zAslotkaCu(2ls + let)
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where [, is the stator length, I is the total turn-length of a single coil at both ends, rms(])
is the rms current density, and Ns/ Ny, is the number of coils per phase.

The core and magnet losses were computed with FEMM to measure flux density
and vector potential in the dq current grid from the FOC maps. The results were then
postprocessed with the Fourier transformation to obtain the net component from signal har-
monics [25]. Iron losses were computed according to Bertotti’s loss separation model [26]:

Nh
Pre (fo) = Z {kh(mfo)Bf‘n + ke(me)ZBzm + ka(mf0)1‘5Bgn.5] (21)

m=1

where k, = 4.68 x 1073 W/kg, o« = 3.701 and ke = 2.26 x 10 W /kg for the M250-35A
steel. The first term inside the summation corresponds to the hysteresis loss (Py,); the
second one represents losses due to eddy currents (Pe); the third term describes the excess
or anomalous losses (P,). By is the amplitude of the mth harmonic of the flux density, f
is the evaluated frequency, and N, = 5 is the total number of harmonics considered. The
number of harmonics was determined from a preliminary sensitivity analysis to account
for the most significant loss components. For each motor topology, the frequency was
evaluated at fy = 64.5 Hz, i.e., the nominal speed design requirement (see Section 2.1). The
results can be extrapolated to any mechanical speed through

2 15
_ PWm pPWm pPwm
Fre(pem) = Ph(2”f0> +Pe(27ff0> +Pa<27ffo> @)

The magnet losses were calculated from the expression

Z

[Upm(znme)z‘]C,mFAz,m} (23)
1

N =

Ppm(fO) =

m

where ., is the mth harmonic of the constraint current density calculated with the model
from [27], Az is the mth harmonic of the PM magnetic vector potential out-of-plane
component, Ny, = 6, and fy = 64.5Hz. PM losses can be extrapolated to any speed through

2
Pom(pvm) = P () (222 @

Finally, total power losses at any speed are calculated as
Poss = PCu+Pfe(PCUm)+Ppm(PCUm). (25)
The torque contribution in (10) was corrected by accounting for core and magnet losses:

Ppe(pwm) + Ppm (pwm)
Wm

Tm=T-

(26)
and the net shaft mechanical power is given by
P = TmWm. (27)
The efficiency of the machine can be calculated according to its operating mode:

Pm
Pm + Ploss
= (28)
P — Ploss

Pm

Motor mode

Generator mode.
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2.5. Performance Evaluation

The quarter-car model equipped with a full active damper and evaluated in the worst-
case road profile (see Section 2.1) was enhanced to evaluate its behavior with a realistic
mapped motor. Motor maps were populated by following the approach described in
Section 2.4. Furthermore, the rotating parts were modeled with inertial (equivalent mass
meq = 7.3 kg) and dissipative (equivalent viscous damping ceq = 250 Ns/m) contributions
from the previously designed actuator [5].

In addition to vehicle dynamics metrics, the average values of mechanical power,
power loss, electrical power, and efficiency were computed. Because the machine worked
predominantly in the generator quadrants, the average efficiency was computed in genera-
tor mode, as defined in (28).

The flowchart in Figure 8 presents a synthesis of the presented method for design PM
synchronous motors in electromagnetic dampers.

Inputs Outputs
Eqns. (3 - 5) | —+ Active quarter-car mode] "System requirements |, Vehicle dynamics s ()

Road profile }—;:from Vehic.le dynamics |_[Torque and angular ms(ay)
Eqn. (7) }—»Flux—weakening saturation Section 2.1 speed targets

Co.ggi‘ng tc’rquel"Pole/slot selection | | Gaom, etry & winding Stator definitionf——+  single ]
Windingifactor Winding topology scheme SPM
Fixed parameters| - Section 2.2 | TRotor definition f IPM flat |
Geometry constraints
IPMs: stress & tolerances| PM V-shape|

" Maximize torque ——Objective function| ; :
— Optimization

Independent design variables }—» procedure
Section 2.3
PSO H» Optimization algorithm

Eqns. (11 - 13) lux linkage maps| Field-oriented control:
Eqns. (18- 19) |
Equs. (15 - 17) |—+Collscaling]___ ™ Mdbor MTPA & MTPV
(20): Analytical |——*Resistive| mapping Net shaft power B 2527

Optimal machine
cross-sections

{(21-22): Bertotti's}—é—b Core — losses [/v Sectionlped
| (23-24): PM loss |—— Magnet Efficiency Eqn. (28) |
ispeed extrapolation
Quarter car model Performance Vehicle dynamics Mechanical power
with full active —» evaluation P 1
damper Section 2.5 Average energy » _Powerloss |

Electrical power

Efficiency

End process )

Figure 8. Flowchart of the design methodology for PM synchronous motors (PMSMs) in electromag-
netic dampers. The left side shows inputs, while the right side shows the outputs.

3. Results

The described simulations were repeated for the three designed PMSMs. The main
performance features of the three machines are summarized in Table 5, from which the
following observations were derived. The continuous torque per unit length T. was the
highest in the SPM, in particular, 15.35% and 14.91% greater compared with that of the the
IPM V-shape and IPM single topologies, respectively. Similar trends were observed for the
impulsive torque per unit length. In terms of torque ripple, although the IPM flat design
exhibited the lowest torque ripple amplitude AT, it showed the same performance as the
SPM after normalizing with respect to Te.

Due to continuous torque being maximized, the main contribution in the constant
torque region comes from the magnet torque [28]. Both the SPM and IPM V-shape topolo-
gies showed 36% less PM mass than the IPM flat design. Because the IPM designs have a
larger radius ratio RR, the effective conduction area and current are less than those of the
SPM, even if the SPM has more turns per coil.
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Table 5. Performance comparison of three PMSMs. Torque values are expressed per unit length.

Parameter Symbol Units SPM IPM V-Shape IPM Flat
Impulsive torque T; Nm/m 74.33 68.25 68.30
Continuous torque T Nm/m 24.76 21.83 21.38
Torque ripple AT Nm/m 0.34 0.46 0.29
Relative torque ripple AT/ T, % 1.39 2.13 1.37
PM mass - kg/m  1.27 1.27 1.73
Continuous current amplitude Tcont A 9.67 9.64 9.30
Impulsive current amplitude ipk A 32.2 32.1 31
Number of turns per coil N — 17 14 14
Base speed Whp rpm 3976 3949 3893
Active length ls mm 33.5 39.6 39.4

The resulting machine cross-sections and efficiency maps for the three topologies
are shown in Figures 9-11. Efficiency maps are plotted in the first (motor) and fourth
(generator) quadrants of the plane. These maps are asymmetrical, as expected, due to the
different expressions to compute efficiency for each case.

It was observed that the IPM efficiency at high speeds was lower than that of the SPM
machine. This is because the PM mass of the IPM rotor topologies is greater than or equal
to that of the SPM design, and, thus, the PM losses are similar or larger at higher speeds.
Another important aspect to consider is the low saliency ratio ¢ of the obtained designs
due to the low amount of flux barriers. This demonstrates that the desired small size of
the designed machine is a compromise for IPM topologies. In addition, the selection of ten
PM poles hindered the saliency ratio. However, this choice was in favor of a high winding
factor, as outlined in Section 2.2.

Table 6 compares the three designed machines in the target use case. The three motors
exhibited similar comfort and road-holding capabilities. In particular, any of the designs
fulfilled rms(ay ) < 0.32. According to the ISO 2631 standard, the vehicle operation would
be deemed as “not uncomfortable” [29]. Road-holding and stroke limits were met as well.
Additionally, the rms force, rms(F, ), in the three machine designs with the two strategies
is under the continuous torque target, which guarantees an appropriate heat dissipation.
In terms of average energy metrics, the IPM designs have the following advantages over
the SPM designs: the harvest mechanical power in comfort mode is larger, power losses in
road-holding mode are minor, slightly more electrical power is harvested in both optimal
modes, and efficiency in road holding mode is superior. Alternatively, the SPM design has
these gains over the IPM design: mechanical power in road-holding mode is greater, power
losses in comfort mode are lower, and efficiency in comfort mode is higher.

Additionally, all the designs generate more power in road-holding mode than in
comfort mode, since the former strategy has a similar dynamic to a passive damper with
a high damping coefficient, as shown in Figure 3, so operates almost all the time in re-
generation quadrants. However, the average efficiency has an opposite trend because,
for the three machines, the maximum efficiency is achieved when operating in comfort
mode. This behavior is explained by overlapping the torque—speed curve of the optimal
strategies (Figure 3), over the efficiency maps for each motor (Figures 9-11). Then, it was
observed that the high damping coefficient (slope) of the road-holding strategy results
in operating in regions of medium efficiency, while the most distributed behavior of the
comfort strategy with a lower average damping coefficient leads to operating in high- and
medium-efficiency regions.

In terms of vehicle dynamics and energy metrics, the SPM, IPM flat, and IPM V-shape
topologies have their advantages and drawbacks, which depend on the evaluated active
suspension strategy under severe road conditions. However, in terms of compactness, the
SPM design is the most favorable topology since it has the highest torque. Additionally,
continuous torque can be normalized with respect to the PM mass. In this sense, the
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SPM has the highest torque-to-PM mass ratio, with 19.75 Nm/kg; followed by the IPM V-
shape, with 16.72 Nm/kg; and, finally, the IPM flat, with 12.34 Nm/kg. Moreover, from the
analysis of the active operation in the torque-speed plane in Figure 2, the machine operates
most of the time in the constant torque region. Therefore, the predominant reluctance
torque contribution in the constant power region from the IPM designs is rarely exploited.
For these reasons, the SPM is identified as the best topology for the specified application of

electromagnetic dampers.

Magnetic flux density [T]

0 N I I I I
O OO OO OO0 OO OO = FH === =

torque per unit length [Nm/m]

efficiency [%]

Figure 9. Left: Magnetic flux density map and out-of-plane magnetic vector potential contours for
the SPM machine cross-section. Right: Efficiency map for the SPM machine over the first (motor)
and fourth (generator) quadrants. Maximum efficiency values are highlighted (star).
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Figure 10. Left: Magnetic flux density map and out-of-plane magnetic vector potential contours for
the IPM flat machine cross-section. Right: Efficiency map for the IPM flat machine over the first
(motor) and fourth (generator) quadrants. Maximum efficiency values are highlighted (star).
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Figure 11. Left: Magnetic flux density map and out-of-plane magnetic vector potential contours for
the IPM V-shape machine cross-section. Right: Efficiency map for the IPM V-shape machine over the
first (motor) and fourth (generator) quadrants. Maximum efficiency values are highlighted (star).

Table 6. Quarter-car performance metrics with full active damping using three different PMSMs.

Metric Units SPM IPM Flat IPM V-Shape
Comfort Road Holding Comfort Road Holding Comfort Road Holding

rms (aw) m/s? 0.87 1.50 0.87 1.50 0.87 1.50
rms (7m) - 0.32 0.23 0.32 0.22 0.32 0.22
rms (F, N 430.76 600.07 432.02 601.43 431.74 601.37
rms (Tm) Nm 0.57 0.79 0.57 0.79 0.57 0.79
avg (Pm) —95.98 —117.47 —96.43 —117.07 —96.34 —117.12
avg (Pioss) W 12.99 19.56 13.22 18.38 13.17 18.33
avg (Pe) \4% —82.99 —97.91 —83.20 —98.69 —83.17 —98.79
avg (1) % 86.47 83.35 86.29 84.30 86.33 84.35
max (|z4]) mm 45 27 45 27 45 27
max (|#m]) - 1.03 0.80 1.03 0.78 1.03 0.78

4. Conclusions

A design process was presented to find the parameters of a surface-mounted and two
interior permanent magnets and to evaluate their performance in the presence of severe
road conditions, actuator inertia, and friction.

The results showed that the surface-mounted machine is the most appropriate topology
due to its high torque density, low torque ripple, and magnet mass. The dynamic vehicle
performance, which was evaluated with the weighted chassis acceleration and road-holding
index, is virtually equal in all designs. The three proposed machines fulfill actuator
stroke and road-holding requirements. Indeed, the electric motor, on average, is self-
sufficient from an energy standpoint: its maximum efficiency is found when operating in
comfort mode.

Although the designed machines operate in the field-weakening region during tran-
sient periods, they mostly occupy the constant torque region. This finding suggests that it is
more valuable to exploit the torque capability in the SPM than to exploit the field-weakening
capability of IPM designs.

Future works will experimentally validate a motor prototype designed using the
present process. Its performance will be evaluated when implemented in an active electro-
magnetic damper.
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