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Abstract—Hybrid actuators combine permanent magnet and
electromagnetic forces, leading to highly energy-efficient opera-
tion. With a sophisticated design, only dynamic air gap deviations
have to be compensated.

Hybrid actuators have an inherently unstable system behavior.
This paper presents an approach for designing a current and
air gap controller to achieve dynamic stability. This is realized
by adding a PID-controller to the mechanical system in such a
way, that the resulting system can be described by a damped
harmonic oscillator. The desired system behavior is achieved by
adjusting the characteristics of the spring-damper-element with
the controller parameters.

Subsequently, the actuator is simulated with the calculated
parameters and a prototype on a scale of 1:20 is tested in the
laboratory. With the applied controller design the measurements
show a considerable accordance.

Index Terms—controller design, electromagnetic levitation,
hybrid actuator, maglev train.

I. INTRODUCTION

Based on their working principle, Maglev trains can reach
high speed and are therefore suitable for transportation over
long distances in a short period of time. With increasing
efficiency and d ecreasing costs f or power e lectronics a s well
as strongly increasing computing performance of microcon-
trollers, it is possible to integrate the linear motor and the
magnetic levitation system in the train. Previous works have
discussed the electromagnetic levitation [1], [2] and control-
ling of a levitation system equipped with permanent magnets
[3].

To reduce the power loss for levitation, the actuator consists
of coils and permanent magnets. The magnets are designed
in such a way, that they compensate a static load. Additional
electromagnetic force is only needed for the levitation and
guidance control to compensate additional load.

In the first s ection of this paper the theory and design of the
actuator is outlined. In the second section the controller design
is discussed to reach dynamic stability. In the last section the
prototype is measured on a test bench and the simulation is
compared to measurement results.

II. THEORY OF ELECTROMAGNETIC LEVITATION

The concept of hybrid actuators is based on electromagnetic
suspension (EMS). NdFeB-magnets are used to provide static
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Fig. 1: Magnetic circuit of hybrid actuator.

magnetic forces strong enough to lift Maglev trains against
its own weight force. Dynamic stability is reached by adding
coils controlled by power electronics leading to adjustable
electromagnetic forces.

The magnetic circuit in Fig. 1 consists of an iron yoke, two
NdFeB-magnets assembled on top of the yoke and a coil
devided into two parts on the legs of the yoke. The circuit is
closed by an adjustable air gap and the track. Calculation of
magnetic forces in the magnetic circuit is based on Ampere’s
law, where H is the magnetic field strength and © is the
magnetomotive force

Sgﬁd?:@. (1)

The magnetic circuit can be divided into areas of constant
magnetic field strength and the respective mean length of
path of yoke (Hrg, lpg), air gaps (Hgy;», 0r) and magnets
(Hpm, hem)

N -I=Hpe lpe+2-Hpy -hpy +2- Hoygr -0, )

where N is the total number of turns of the coil and I is the
current through the coil.

The flux density of the magnets Bpys is determined by the
remanence B and the external magnetic field strength Hppy.
With the magnetic field constant 1; and relative permeability
tr P the external flux density can be described as

Bpy = Br+ po - ptr,pas - Hpag 3



From (3), the total magnetic ficld strength in the magnet H py;
follows B B
pPM — DR
Hpy = ———o. “
Mo - pr, PM
For yoke and air gap, the relation between field strength and
flux density can be found from general material equation
B = po - pr - H. Inserting this equation and (3) in (2), de-
pendency on magnetic flux density B follows
B e B — B Bair
NI = ———lpe 42— hpy 12
Mo - M Fe Mo - e PM o
For all following considerations, stray flux is neglected
(Bre = Bpyr = Bygir) and the relative permeability of iron
is assumed to be infinitely high (44, e — o0). This leads to a
simplification of equation (5)
Bair — BR Bair
——hpy +2- 0p. (6)
Ho - My PM Ho
The Total force of the hybrid actuator ., is given by
Maxwell’s pulling force formula
Bgir : APM Bgir . APM
F Mag — 2 9 - . (7)
) Ho
The air gap flux density B, can be derived from (6)

Sr. (5)

N.I=2.

N T po- pr, prt Br-hpm

2 (hpa + 901 - por, Pr)

Bair - (8)

hpa +0r - por prr

This leads to the total magnetic force Iq4 of the hybrid
actuator dependent on the current [ in the coils and air gap ¢y,

2
APM. N-T-pg-pirppr+2-Br-hpy ©)
1o 2-(hpy + 901 - pr,par) '

FMag =

III. DESIGN OF THE HYBRID ACTUATOR

The actuator is designed to carry a defined load at reference
air gap only by permanent magnet forces. If the air gap
changes due to additional load, a current is applied to set the
air gap back to its reference value (see sec. IV).

The applied permanent magnets of the hybrid actuator are
NdFeB magnets with a minimum remanence flux density of
Br = 1.17T. The height of the magnet is hppy = 1.0mm

Fig. 2: Disassembled hybrid actuator.
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Fig. 3: Demagnetization curve of a NdFeB magnet at different

temperatures.

with a surface of Apy; — 400mm? and a permeability

of p, par = 1.05. For the track and the train model the
reference air gap is set to 67, = 1.0 mm. With the pulling force
formula (9) the resulting levitation force of the permanent
magnets Fyrqg pas can be calculated to

Frrag(I =0A) = Firag par = 103.7N. (10)

If the load differs, a positive or negative current is applied to
compensate the additional load.

An important aspect for the actuator design is the knee point
in the characteristic curve of the permanent magnet in Fig. 3.
If the temperature of the coils rises, the knee point of the
demagnetization curve shifts towards a higher field strength.
If the magnetomotive force coming from the coils impresses
a field strength below the ficld strength at the knee point, the
magnet is irreversible demagnetized.

Therefore, the maximum magnetomotive force to derive the
maximum allowed negative current has to be calculated. The
magnetomotive force can be expressed as

> . (1D

_BR — Bmin . (1 v tr par - Apm 51
1o e PM Ar
The formula depends on the air gap &z, thus the maximum
current has to be calculated every control cycle to not
demagnetize the magnets.
The designed coils have N = 2-70 turns with a wire diameter
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Fig. 4: Temperature rising with a maximum continuous current
of 4.6 A after 10 min at a start temperature of 25 °C.
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Fig. 5: Block diagram of the control loop.

of 1.024mm. The yoke is designed in such a way that the
coils have sufficient space between each other so that the
heat is dissipated. The measured resistance and inductance
at 10kHz are R = 1.064Q and L = 383 uH. The expected
maximum continuous current is I = 4.6 A.

To be sure the maximum allowed temperature of
0 e = 80°C is not exceeded at the maximum continuous
current, a temperature simulation is performed. A time
span of 10min is simulated, which is more than the
expected time span at which the actuator will be operated at
maximum continuous current. Fig. 4 shows the corresponding
temperature distribution. The magnets will not exceed a
temperature of about 42°C, which is sufficient for the
continuous operation of the hybrid actuator.

IV. CONTROLLER DESIGN

The controller is designed as cascade. The inner loop is
a current controller and the outer one the air gap controller.
Fig. 5 shows the topology of the controller design.

A. Electrical Subsystem

For the current controller the electric operating principle has
to be derived. The differential equation describing the resulting
voltage = of the coil can be separated into an ohmic part,
described by resistance R and current ¢ and an inductive part,
given by the change of flux linkage .

; d .
uw(t) = Ri(t) + Ezﬁ (4,61,) .
With a partial differentiation of ¢ (¢, §;,) the equation leads to
di(t) dL(61) - ,
— 6r(t)i(t).
a  dag
With the assumption of small air gap changes within one con-
trol cycle, the induced voltage generated by position changing
is neglected here. With the Laplace Transformation the transfer
function is outlined as
I(s) 7 7
U(s) %erl S Tis+1
For the current controller a PI control structure is applied.
To evaluate the optimal control parameters the magnitude
optimum criterion is utilized [4], [5]. According to the rules
of the magnitude optimum, the larger time constant of the
controlled system 7T; has to be compensated with the controller
time constant Ty o;:

(12)

u(t) = Ri(t) + L (51) (13)

Go =

(14)

L

Tyea=1T = B (15)

A small time constant T is determined by the dead time of
power electronics and by additional delays in the control loop,
such as signal propagation time and processing time. The dead
time is caused by current measurement, which is only triggered
twice in a PWM period. Therefore, the small time constant
is approximated to the PWM period Trwar = 1/ fewnm =
T, [6]. The complete transfer function of the open control
structure results in
% 1

Tis+1 Tos+1°
The controller gain Kp; is calculated such that the absolute
value of the reference transfer function is kept close to one
for the largest possible frequency range, resulting in

Tn L

2KsTwg 2T,
where Kg is the static gain of the numerator of the open
loop transfer function and Ty the smaller time constant of
the transfer function G ;. Consequently, the resulting current
transfer function of the closed-loop control is defined as

Gael 1
Goos) = —2b  — .
(s) 1+ Goet  2Tos(1+Tys) +1

B. Mechanical Subsystem

Tyers+1

Ga,el(s) - KP,@[ : Tt lof

(16)

Kpo = (17

(18)

The mechanical equation results from the balance of forces
with the magnetic force Flir,g4, the weight force, where m is
the mass and g is the gravitational acceleration and the inertial
force

0 = Fatag(dp, 1) —mg -+ mdy, . (19)

Because Fjrq4(0r,1) is nonlinear, the differential equation
has to be lincarized, to evaluate the controller parameters. The
resulting equation is split into a static and a dynamic equation.
The static equation is defined as

(20)

The actuator was designed in such a way, that the weight
force is compensated by the force, generated by the permanent
magnet (see sec. II), therefore the static current is set to
Ig = 0 A. The remaining difference can be seen as a control
deviation and is adjusted with the dynamic controller. The
dynamic equation is simplified to

Frrag(Lo,00,0) =m - g.

0 = Fuag(1,61,) +m oy, 1)
The nonlinear differential equation is linearized to
0= kI,Mag Al + k5,Mag Ay, + mA(.S.L7 (22)



where the current and air gap difference are defined as
Al = I — Iy and Ady, = 6 — 6 0. The static air gap is
defined as the design air gap dr, 0 = 1.0 mm (see sec. III). The
constant factors kr arqg and ks prqg result from the magnetic
force linearization in the operating point.

kI,Mag =
Apar N - pirprg - (Lo N - po - pir par +2- Br - hpyr)
2-(hpy+90r0- M,PM)2

(23)
ks Mag =
_ Apm - prpv - Qo - N - po - prpr +2- Bp - hpu)®
2-po-(hpy 49010 /’LT’,PM)S

(24)
With the Laplace Transformation the resulting transfer func-
tion of (22) is
_kI Mag

Ga(s) = —LMag
A®) ks mag +m 82

(25)

From (25) follows that the mechanical system is unstable with

poles at s1/p = £ —hsMas Ty reach an asymptotically

stable system condition, all poles have to be in the left half of
s-plane.

In contrast to the physical system, the desired system behavior
is equal to a second order mechanical differential equation
following the dynamic of a mass, which is mounted on a
spring-damper-element with damping constant d and spring
constant c.

0=m AS;, +d Ady, + ¢ Ady, (26)

Thus, (22) is equated with (26). The resulting equation (27)
describes the relation between the current and the spring-
damper-element and therefore the mechanical behavior of the
system.

A(gL + ¢~ W5.Mug ké,Mag Adp,

Al =
kI,Mag

kI,Mag

27

With the Laplace Transformation the corresponding transfer

function is
k &
a (8) — A(SL _ C*Ik’;\,/[Mag o Km@ch
a 7A17 d 8<f>17TV7nechs‘|’17

o—hs arag

(28)

where K,,c.p, i the static gain and T, .., is the time constant
of the mechanical system. To compensate the transfer behavior,
an ideal PD controller G pp(s) is introduced. The aim is to
achieve a transfer behavior of the controlled open loop transfer
function such that Gpp(s) - Gs(s) = 1.

1
GPD(S):K(S):KPD(TV 8+1) 29)
This leads to the resulting parameters of the PD controller:

1 c— k5 Ma
Kpp = = e 30
£p Km@ch kI,Mag ’ ( )

d
TV = Tm@ch = 5 (31)
c— k5,Mag

In the next step, the closed loop transfer function is in-
vestigated to determine the stability of the system. As a
simplification, the electrical closed loop transfer function (18)
is neglected, due to the fact that the large time constant of
the electrical subsystem 7; is considerably smaller, than the
time constant of the mechanical subsystem 7T,,..r. Therefore,
the open loop transfer function of the mechanical system is
defined by

—kramag Kpp (v s+ 1)

Go,pp(s) = Gpp(s)Gals) = m s2 + ks 11
Mag

(32)
The corresponding closed loop transfer function is determined

to
Go pp(s)
Gc §) = —————~ 7
7PD( ) 1+G07PD(3)
—kr vag Kpp (Ty s+1)

m $? + ks mag — k1, Mag K PDTv 8 — ki MagKpPD

(33)

with the poles at

kr magKppTy
2m

" \/(kI,MagKPDTV>2 ks nag — krmag Kpp

$1,2 =

’

2m m

(34

To avoid an oscillating behavior, a double pole in the left half
of the s-plane is intended. Therefore, the square root of (34)
has to be zero. This is achieved by inserting K pp and Ty to
formulate a relation between d and ¢

d= —\/4m (2 ks pag — ¢,

where ¢ < 2 ks a0 needs to be fulfilled. According to this
constraint, the value of ¢ has to be chosen and thus determines
the location of the poles.

If the desired value Ady, is not zero, then there will be a
constant deviation between reference value and actual value.
This is caused by the nonlinearity of the differential equa-
tion, especially the magnetic force (see (19)). Thus, the PD
controller is replaced by a PID controller, to compensate the
remaining deviation between reference and actual value. An
ideal PID controller has the following structure

(35)

1
GPID(S):KPID <1+—+Tvs> . (36)

TN 8
The characteristics of the PD part of the PID controller has to
be the same as for the PD controller. Therefore, K pyp is set
to

c— k5,Mag

Kprp=Kpp = (37

kI ,Mag
The new open loop transfer function out of (25) and (36) is

_kI,MagKPID (1 =+ ﬁ +TV 8)

m s2 + k5,Mag

Go.prp(s) = (38)

To achieve stable system behavior, the poles of the closed
loop transfer function of (38) have to be determined. The



Fig. 6: Test bench for hybrid actuator validation.

selection of the reset time T’y is then dependent on the trade
off between overshooting and duration until control deviation
is compensated. In this case a well damped system behavior
is reached by setting T as a multiple of 7),,..,. Therefore,
Ty is selected to 80 ms.

V. VALIDATION

For the validation of the discussed controller the hybrid

actuator test bench in Fig. 6 is used. It consists of the hybrid
actuator, an iron yoke, an air gap sensor and an iron weight
of 6kg. The actuator can oscillate freely within an adjustable
range, set to 0.5 mm - 1.5 mm during operation.
The control algorithm is implemeted on a ST Nucleo —
F767Z1 microcontroller (MCU) (Fig. 7a). For air gap-
and current measurement a shield board (Fig. 7b) is de-
signed. The shield is mounted on the MCU and equipped
with a 16-channel 16-Bit dual simultaneous sampling ADC
(Analog Devices ADT7616) exchanging data with the MCU
via SPI. Apart from that, the power supply and PWM outputs
as well as measurement inputs for six H-bridges are part of
the shield board. The H-bridge in Fig. 7¢ is equipped with two
half bridges of type International Rectifier IRSMS808 —
204MH and a LEM LAX 100 — NP for current mea-
surement. Additionally, electronics for air gap measurement
and power supply of the air gap amplifier are part of the
board. Air gap measurement is realized with an eddy cur-
rent sensor and amplifier of type Emerson PR6423 and
Emerson CONO021.

(a) STM32F767Z1

(b) Nucleo Shield (c) H-bridge

Fig. 7: Hardware for controller implementation and validation.
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Fig. 8: Comparison of measurement and simulation for an air
gap gradient of 0.2mm/s.

A. Simulation

Simulation is performed numerically in Simulink. For
this purpose a model is implemented following the structure
in Fig. 5. The hybrid actuator is modeled according to the
mechanical differential equation (19). Dependency between
magnetic force and current is given in (9). For power elec-
tronics simulation, PLECS is used. All relevant parameters
can be taken from table 1.

B. Comparison of simulation and measurement

In Fig. 8 measurement and simulation results are shown for
an air gap gradient of 0.2mm/s and in Fig. 9 for 2mm/s.
The ramp starts at 1.0 mm air gap and continues to 0.8 mm
as a minimum and 1.3 mm as maximum in 0.1 mm steps.

It can be summarized, that the air gap simulation and mea-
surement fit very closely for both air gap gradients. Only
the overshoots at a gradient of 2mm/s are slightly more
distinct. The mean air gap deviation between simulation and
measurement for 0.2mm/s is 0.0022mm and for 2mm/s is
0.0038 mm.

Because simulation is based on a lumped parameter model in
ong operating point, it cannot represent complex physical be-
havior of the test bench, which leads to current deviations. The
mean current deviation between simulation and measurement
for 0.2mm/s is 0.14 A and for 2mm/s is 0.16 A.
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Fig. 9: Comparison of measurement and simulation for an air
gap gradient of 2mm/s.

VI. CONCLUSIONS

In this paper a hybrid actuator for a Maglev train model
is presented. The analytical calculation of a magnetic circuit
consisting of iron yoke, air gap, permanent magnets and
electromagnets is described and the total magnetic force in
dependency of current and air gap is deduced. Afterwards the
design of the hybrid actuator is explained with a focus on the
characteristic of a permanent magnet regarding temperature
and demagnetization.

Subsequently the process of current and air gap controller
design is discussed to reach asymptotic stability for the closed
control loop. This is achieved by adding a PD-controller to
the unstable, mechanical differential equation of the magnetic
circuit in a way, that the resulting mechanical system can be
described by the differential equation of a damped harmonic
oscillator whose characteristic parameters are adjustable by
calculating parameters of the PD-controller, resulting in the
desired system behavior. In a second step, the PD-controller
is extended to a PID-controller to avoid deviation between
reference and actual value.

In a final step, the hybrid actuator is validated by simulation
and on a test bench, therefore air gap and current measurement
are compared. The air gap fits very well for different reference
values, while the current slightly differs. The simulation pa-

TABLE I. Simulation and measurement parameters.

Parameter Unit Value
General
DC link voltage U, v 30
PWM frequency fpwar kHz 10
Hybrid actuator
Magnet NdFeB N35 20x20x1 mm
N - 2x70=140
R @10 kHz Q 1.064
L @10 kHz mH 0.389

Operating point in simulation

dr,,0 mm 1.0
m kg 5.15
Br T 0.90
Current controller
Kpe Q 1.945
TN e ms 0.366
Air gap controller
Kpip kA/m -12.48
Ty ms 80
Ty ms 8.9
System characteristics
Damping constant d kg/s -1394
Spring constant ¢ N/m —0.21997 - 108 = 3.5 - ks afag
Time constant T, c.p ms 8.9

rameters belong to the designed operating point regarding load
and remanence flux density which reduces simulation accuracy
for other operational points. Therefore, simulation can be
improved by FE methods to reproduce nonlinear behavior.
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