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H, and H_ Control for
MagLev Vehicles

Anselmo Bittar and Roberto Moura Sales

n recent years. many magnetically levitated transport systems
have been constructed. tested. and improved. Various mag-
netic levitation (MagLev) system technologies are being devel-
oped. and some of them. including the prototype featured in this
article. use electromagnets for vehicle levitation. Vehicle levita-
tion is achieved by controlling the gaps of these electromagnets.
The constructed prototype will have
independent levitation and propulsion
systems. but the focus of this article is
on the levitation system only. The sys-
tem 15 open-loop unstable. highly non-
linear. and it has a very restricted
equilibrium region. A Single Input Sin-
gle Output (SISO) analytical model and
closed-loop identification experiments
are presented. with emphasis on design
procedures of H, and H_controllers ap-
plied to the electromagnetic levitation
system. For the designs of these control-
lers. a special choice of weighting func-
tions is employed to attenuate the
resonance peak at low frequencies in the
closed-loop system. The results show
that closed-loop system responses with
H, and H _ controllers are very similar and
present better performances when com-
pared to the response obtained with a clas-
sical controller.

Magnetic Levitation Transport Systems

New MagLev transport systems are being researched around
the world. The vehicles are magnetically levitated. and their
guide and propulsion forces are also generated magnetically.
Due to the absence of contact friction. this kind of vehicle can
reach high speeds easily.

Magl ev systems have several advantages when compared to
traditional railway systems in that the absence of contact reduces
noise. component wear, vibrations. maintenance costs, etc. Mag-
Lev vehicles are better able to climb steep ramps and tolerate
curves with smaller radii. Smaller radii and higher supereleva-
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tion coefficients allow the construction of shorter guideways that
are more economical [1].
Basically, three kinds of technologies for MagLev vehicles
have been developed [1]:
» Permanent magnetic: The levitation system provided by
permanent magnets uses repuisive magnetic forces.

Until now, this line of development has not been eco-
nomical.
Electrodynamic: The electrodynamic system works through
repulsive forces, too. but uses superconducting materials to
generate the forces. A vehicle with this kind of suspension
presents some disadvantages [2]: at high speeds. the damp-
ing forces are weak. and. at low speeds. the levitation force
is weak and the braking force is strong. Thus, levitation is
feasible only at high speeds.
Electromagnetic: In an electromagnetic levitation system. the
vehicle is levitated through attractive forces produced by elec-
tromagnets. It is simpler than the electrodynamic system. in
the sense that it does not need a cooling system for the super-
conducting coils. Another advantage is that it can be levitated
equally at any speed. since the attractive force is independent
of the speed. On the other hand. such a system is unstable and
strongly nonlinear. with a severely restricted equilibrium re-
gion. which makes it difficult to obtain closed-loop stability.
Various prototypes have been constructed. tested. and im-
proved for MagLev transport systems [3]-[11].
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System Description
The prototype system (Fig. 1) featured in this article is basi-
cally a vehicle that has independent electromagnets that, through
gap control, lift it on an elevated guideway.

Fig. 1. Electromagnetically levitated vehicle prototype.

‘\Hé‘o .

Fig. 2. Vehicle and electromagnets.

Vehicle and Guideway

Levitation in the prototype system is achieved by attractive
forces developed by four electromagnets that were positioned in
each extremity of the vehicle, as shown in Fig. 2. There are also
four gap sensors to measure the gaps of these electromagnets.
The magnetic forces developed by electromagnets are always at-
tractive forces (whichever the magnetic flux direction), and an
elevated guideway is also necessary (Fig. 3). A frontal view of
the vehicle in the levitation state in the elevated guideway is pre-
sented in Fig. 4. Vehicle levitation is performed through SISO
controls of each gap z, (p =1,...,4).

The vehicle has six degrees of freedom, which correspond to
the three translation motions (surge x(¢), sway y(r), and heave
z(#)) and to the three rotation motions (roll ¢(¢), pitch 6(¢), and
yaw 7(2)). The vehicle will have independent lift, guide, and pro-
pulsion systems, but only the levitation system (z(?), ¢(z), and
(1)) is considered in this article. In order to control the guide sys-
tem (y(r) and 1\(£)), it is necessary to use four additional lateral
electromagnets and to control the respective gaps.

The vehicle is constructed with aluminum plates. The guide-
way through which the magnetic flux flows is constructed with
thin iron bars. Laminated guideways would be an alternative
choice in order to reduce eddy currents, which produce drag and
repulsive forces. Drag forces cause power loss, and repulsive
forces reduce the lift forces [12]. However, iron bars were em-
ployed to simulate problems that will certainly be present in any
real system.

Table 1 presents some prototype characteristics.

Electromagnets for Levitation
The prototype has independent electromagnets to lift the ve-
hicle. This kind of construction provides controllers with simpler
structures and improves the reliability of the system. The levita-
tion electromagnets have an “E” shape as shown in Fig. 5. For
this type of electromagnet, the attractive force is given by

ol
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where i(r) is the input electrical current, z(f) is the output air gap,

andk, =L ,acN* / 2is a constant. It is important to mention that
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Fig. 3. Elevated guideway.
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Fig. 4. Frontal view of the vehicle in the levitation state.
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Fig. 6. System representation for a quarter section of the vehicle.

Table 1. Prototype characteristics

Length 70 cm
Width 60 cm
Height 43 cm

Mass M =976kg
Supply voltage 55 Vdc
Levitation power 377TW

Equation 1 is valid for z(s) > z , only, where =, > Qis the small-
est gap for which magnetic nucleus saturation does not occur.

Qualitatively, the choice of the steady-state gap is directly re-
lated to opposite requirements of energy consumption and levita-
tion system robustness. In terms of energy consumption, it would
be interesting to set the gap as small as possible, because the cur-
rent necessary to levitate the vehicle would be smaller than the
current for higher gaps. However, for very small gaps, the coil
inductance becomes higher, making a faster control action dif-
ficult. Therefore, to obtain better levitation system robustness,
it would be necessary to set higher gaps. since the coil induc-
tance is smaller. The prototype’s nominal gap is set as Z, =5
mm. This choice also depends on the total mass of the vehicle
and electromagnet dimensions.

System Modeling
A mathematical model for the vehicle was developed. Due
to the use of various electromagnets in a real application [9]
and considering constructive differences. an overall control
system constituted of SISO controllers is simpler and more
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easily tuned. Thus, the vehicle is modeled by four decoupled
SISO systems.

Fig. 6 shows a system representation for a quarter section of
the vehicle. In this figure, m, represents a quarter of the vehicle
total mass. The nonlinear differential equation that represents the
system shown in Fig, 6 is given by

mfﬁ’)zmrghF(f}=m.g—kf[i_;;J‘ 2)
(

where g is the local gravity acceleration.
Supposing small disturbances AZ(z) and A/(z) around the
equilibrium point (/,, Z,), the linearization of Equation 2 gives

mAZ(1) = kAZ(t)- kAI(1), (3)
where
2k .12 2k, 1
k=—L2 and k =—L2
- Zu3 (3 Zo

At the equilibrium point (/,, Z,), Equation 2 produces

[me
V% @)

ly=2,

From Equations 3 and 4,

5ery = 28 28
AZ(r)=—=AZ(1)+ AV(1),
Z, 1ok o (5)

where the power circuit dynamics are approximated by a con-
stant £, > 0, with AV (1) = -k, AI(1).

Considering that AZ(z) = k AZ (r), where AZ (¢) is the gap
measured in volts and k_ is the sensor gain, Equation 5 yields:

28 Avin),
ke (6)

- 2g
AZ (1)==>AZ (n+
Zn

where k, =k k.
From Equation 6, the following open-loop system transfer
function is obtained:

2g
I_%
G(s)=ii:‘((s)) & 0 pe :
5
R
V 0 0 @)

Table 2 presents some design data for each electromagnet.

In order to validate the analytical model (Equation 7), an ex-
perimental identification of the closed-loop system was per-
formed.

System Identification
Due to open-loop instability, experimental models for the ve-
hicle can be obtained through closed-loop experiments only
(Fig. 7). In the procedure carried out. the first step was to design
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Table 2. Data for each electromagnet

Nominal air gap Z, =0.005m
Steady state current I, =17124 A
Dimensions a=0.03mc=0.064m
Number of tumns N =1300
Air permeability ity = 41107 H
m

Analogic power circuit gain = m

gicpo ¥ ky =0.001512 —=
Mass of a quarter of vehicle m =" =244kg

Table 3. Gains k, and k, (p =1,...,4)

= Presence of an integrator to obtain null steady-state error
for step inputs at the reference and step disturbances at the
plant input (load disturbances). System stabilization for
gaps significantly different from the nominal one is diffi-
cult; large gaps require excessive electrical power, whereas
small gaps lead to high electromagnet inductances, which
make it difficult to produce fast control actions.

The second step was to measure the closed-loop frequency re-
sponses. Assuming that around the equilibrium point the vehicle
behaves as a SISO system (Fig. 7), four closed-loop transfer
functions

z,(s)

d (5)

"

Gopl(s)= ©

(p =1,...,4) were identified. For this identification, an HP 3562A

k, =-0.28 E, =113 Dynamic Signal Analyzer was employed to inject a sinusoidal
k=027 k =114 signal d ,andto measure respective outputs z, (p =‘l, o). )
t. =025 7 =125 In Fig. 7, the gains k,(p=1...4) re.present adjusted gains
3 = 3 - due to constructive differences of the vehicle and power circuits.
Such differences are represented by the gains k, (p=1.....4),
which were determined through the comparison of
Lo the closed- loop frequency responses obtained from
S g™ [ Ky Gofs) —>+ L ks Gefs) | 4 Equations 7 and 8 and the experimental ones. The
& ;;.—. P ab s —_— ?22 model for the plant becomes, therefore,
2 ky Gefs) |— +; A — ky Gefs) | > | G(9)=kG(s) (p=1....9). ~
f - -~ .—W -ri‘. Va ;TrG—Gc(s)_i Z3 ) The final values of gains &, and &, are presented
. | R — ~ f’a & e —— # in Table 3. ) .
4 (o ky Ge(s) | (4 ks Ge(s) | The four analytical and experimental

closed-loop frequency responses are presented in

| Fig. 9, which shows a fundamental resonance peak

around @ = 10 rad/sec.

Fig. 7. Svstem identification.

four decoupled controllers, one for each pair of sensor-actuator in
each extremity. Each controller was designed through a trial-
and-error procedure, based on classical control concepts.

Initially. the controller was designed analogically as a
phase lead network and an integrator. The controller was
discretized via Tustin's transform and digitally implemented.
Due to the presence of sensor noise in high frequencies, a digi-
tal filter was tuned and added to this compensator. With sucha
contreller, the vehicle was stabilized and levitated. The final
continuous time version of the complete compensator G (s) is
given by

G.(s) kp(s+0.8)(3+103)(s+126)(st7000)(5+7835)
5=
s(s+368)(s + 340 £179/)(s + 7196 £ 347 )

<

(8)

where £ (p=1
Some important features of the controller G _(s) are:

= | ead-lag phase characteristic

¢ Occurrence of phase lead in low frequencies. According to
Fig. 8. the phase lead occurs approximately in the range
from 10 to 400 rad/sec. This characteristic is essential to
produce closed-loop stability, since the open-loop model
(Equation 7) is unstable.

» Presence of high-frequency poles to reject sensor noise
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Fig. 10 presents the system response for a sinu-
soidal disturbance of frequency @ = 10 rad/sec ap-
plied to the plant output z,(r). It can be verified that gaps z,(r) and
z,(¢) have a phase difference of 180 degrees with respect to gaps
z,(t) and z,(¢), which leads to the conclusion that, for © = 10
rad/sec, the closed-loop system with the controller (Equation 8)
has a pitch resonant frequency. The same conclusion is valid for
disturbance signals applied to outputs z (f), z,(¢), and z,(r).
Fig. 11 presents the system response for a step disturbance ap-
plied to the plant output z,(r). The resonance peaks in Fig. 9 are
responsible for the system oscillations presented in Fig. 11 and

60 T

m -
T 20t
o
&
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2
m
£ -20r

_40 L

-60 . :

100 10 102 10°
w (rad/sec)
Fig. 8. Phase x frequency of G (s).
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is small. §(s) and 7{(s) are the sensitivity and comple-

|Gel1(jw)]| (dB)
|Gel2(jw)| (dB)

mentary sensitivity functions, respectively, given by

1 GU9K(s)

TG,k T TG oK(s)

S(s)

The H, controller minimizes |7, , and the H,_

controller makes ”Tym J_c Y, for a given y.

Design Specifications
The design specifications are to:
e Attenuate the resonance peak at @ = 10 rad/sec
in Fig. 9
* Minimize the sensitivity function as much as
possible. Since the sensitivity function is related
to the low frequency gain, its minimization is

-40
10° 10' 10°
w (rad/sec)
4 ?
hel =
=z z
= =
- o
b= =
5] 0]
s ]
@ [::]
& 8
& £
10° 10' 102
w (rad/sec)

also limited by the lowest possible gain due to
the open-loop instability.
* Obtain -60 dB/decade roll-off above @ = 400

rad/sec, due to sensor noise.

Criteria to Choose the Weighting Functions

In both cases, H, and H-., the weighting functions
were chosen such that (see Fig. 13):

s W, determines an upper bound for the

closed-loop resonance peak
* W, acts as an upper bound for the controller

gain, being thus related to the closed loop ro-
bustness characteristics

* W, is related to the performance requirements,
acting as a lower bound for the sensitivity
function.

Transfer Functions

g g
[+] o
o} @ 20! Analytical
- - Experimental
-40 -40
100 10" 102 10° 10
W (rad/sec) w (rad/sec)

g ¥
=4 =l
= =z
= =
) =
Q [=]
(0] G
B s
2 — Analytical & Analytical
£ Experimental 2 Experimental
& 400 & 400

100 10! 102 10° 10!

l_ w (rad/sec) w (rad/sec)

The transfer function obtained for the H, control-
ler for electromagnet 1 is given by

Fig. 9. Analytical and experimental closed-loop frequency responses.

represent the low damped pitch resonant frequency of the
closed-loop system.

The main design requirement presented in the next section is to at-
tenuate these resonance peaks through the H,and H_control design
techniques.

H,and H_ Control Designs

The design methodologies forH, andH_ control synthesis are
described in [13]; briefly speaking, given the “augmented plant”
G,,(5), as in Fig. 12, the design objective is to find a stabilizing
controller K(s), such that the norm of the closed-loop transfer
function matrix

W (s)5(s)
T, ()& Wo(5)K(5)S(s)

Wy(s)T(s) i

22

10205(s + 0.8)(s +60.0)(s +62.6)(s +100.0)

K(s)= ,(11)
(s +0.001)(s +575)(s + 725)(s +301.7 £ 299.2 )
with W (s)= 0.65 W)= 0.05(s + 1)'
s+ 0.001 Z 5 +100

and  W(s)= 0.9s +10)(s + 20}‘
(s +60)s+100)

The transfer function obtained for the H_ controller for the
electromagnet 1 is given by

_ _737.2(s + 08)(s + 62.6)(s +150)(s + 200)(s +14000)
(s +0.001)(s + 74)(s + 353)(s + 216 + 280 j)(s +11542)'
12)

with
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Fig. 0. System response for a sinusoidal disturbance of frequency
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and y =7y,,,, = 03832, where v, is the minimum positive
value such that “T. g ,| <Y.
The H_ norm of T, ,(s). denoted HT‘], ‘ . is defined as

II I|I|| _Supcrnq\[?—\lrltjw]]'

(13)
whereo_ [T, (jw)]is the maximurn singular value of
T,,,(jo)

In Fig. 14, it is shown that o [T, (Jjo)]<¥y for ®e
[0.01 1000] with the controller (Equation 12).

Remarks

Several remarks are in order at this point.

= Although the weighting function W, is usually employed to
shape the closed-loop transfer function at high frequencies.
itis worth noting that in the present designs a different strat-
egy was adopted. as mentioned previously.
In addition to the usual design trade offs, the open-loop in-
stability and nonlinear characteristic (Equation 2) impose a
lower bound for the open-loop gain at low frequencies. In
other words. the weighting function W,, which was con-
ceived as an approximated integrator, is also related to the
minimum gain required to stabilize the closed-loop system.
As a consequence. the tuning of the weighting function W,
is limited by the specification of W. since the attenuation of
the resonance peak implies, in general. in decreasing the
low frequency gain.

- It can be observed that both H, and H_, controllers cancel

the stable pole of the plant (Equation 7) ats = —/2¢/ Z, =

—62.6. Such cancellation results possibly from an undesir-
able plantG (s). in face of specified closed-loop shapes. In
other words. the controller K{s), which appropriately
shapes the open-loop K(s5)G ,(s). worked in this direction.
inverting the stable dynamic of the plant. In the present de-
signs. this fact does not represent any problem. since this
pole is not related to a low damped resonance frequency.

Although different weighting functions had been employed
for the H, and H_, controller syntheses, the sensitivity and
complementary sensitivity functions obtained with such
controllers are very similar. as shown in Fig. 15. The
weighting functions for both H, and H.. designs are the re-
sults of an iterative procedure. The design specifications in
the way presented. as well as the different objectives be-
tween the H, and H__ frameworks (to minimize rms values
and to flatten out G ( jw)|, respectively) may lead to differ-

ent weighting functions in each case.

The robustness features of the three designed controllers
can be evaluated from the Nyquist criterion. As indicated in
Table 4. in the neighborhood of the critical point (~1). only
the inferior gain margins are relevant and indicate a higher
robustness degree for theH, and H _ controllers when com-
pared to the classical controller.

Experimental Results
The classical. H.. and H_ controllers were implemented on a
200 MHz Pentium PC. The controllers were discretized via
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Tustin’s transform at the sample rate of 3,500 Hz. The data ac-
quisition board consists of 12-bit A/D and 8-bit D/A converters.
Fig. 16 presents the closed-loop responses of the real system
with the H, and H_ controllers for a reference gap of 5 mm. A
step disturbance was applied to the plant output 1 by adding a
constant to the measurement of the gap z,(¢). This figure shows

o
=
£ ) =
] 24
§ ] N
80t — IW1(w)|
Tl -
-1 : d
| Tgw) 1
-120¢ :
102 107 10° 1o 102 108 1p%
w (rad/sec)
o
=
=
o
(4] 1
oo [, )
100k [1/S(w)l
i ’Tuw}l !
120
102 107 100 10! 12 107 104
L w (rad/sec)

Fig. 13. Weighting functions |W,( jw), rW';( jw)i, |S i jwj and
|7 jw X

0.3835 [ - —
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0.383 ﬁ |
I|| i
£ !
8§ 0.3825 ||\ !
(-) Omax [Ty 171 W) |
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e ‘|
0.3815 .
102 107 100 10 102 10°
w (rad/sec)

Fig. 14. 0 [T, . (jw)]<7.
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that the levitation system presents equivalent responses for the
H,andH_ controllers. The closed-loop system is stable and has a
nice transient response, and the step disturbance has been re-
Jjected completely in steady-state.

Furthermore, such responses are more damped and present
smaller overshoots than the classical one (Fig. 11). This is in ac-
cordance with the smaller resonance peaks of the sensitivity
functions (Fig. 15).

Another result is that the disturbance applied to the output
z,(2) produces oscillations in the output z, (f) too, i.e., the vehicle
tends to rotate around the angle 6.

Conclusions and Future Research
This work presented an electromagnetically levitated vehicle
prototype and a SISO analytical model linearized around an

Table 4. Gain margins
Controller Inferior Gain Superior Gain
Margin (dB) Margin (dB)
Classical 0.5 19.0
H, -0.9 18.8
H, -0.9 17.1

equilibrium point for the magnetic suspension system. Valida-
tion of this model was performed through closed-loop identifica-
tion experiments. As the open-loop system is unstable, in order
to perform such identification, the closed-loop system was first
stabilized through a classical controller.

The identified closed-loop system presented a resonance peak
around @ = 10 rad/sec, which represents the pitch resonance. The
attenuation of this resonance peak was obtained through a suitable
weighting function W3 for the H, and H_designs.

A step disturbance applied to the plant output showed that the
responses with the H, and H_, controllers (Fig. 16) are very simi-
lar and present better performances when compared to the classi-
cal one (Fig. 11).

Comparing the H, and H_, controllers, it would be wrong to
conclude from these designs which controller is better for this
specific system. The results do not point to which controller is
better but simply to the fact that the designs are similar,

Some suggestions for future research include: to test other
control approaches in the levitation system: to measure other
output signals, for example, the vertical acceleration of the vehi-
cle; to add more electromagnets to the suspension system in or-
der to evaluate the levitation system’s robustness in the case of
failures of actuators or sensors; to implement the propulsion sys-
tem and to investigate the influence of movement on the levita-
tion system; and to implement electromagnetically controlled
lateral guides in the prototype.
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