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Flathess-Based Feedback Control of an Automotive
Solenoid Valve

Soon K. Chung, Charles Robert Koddember, IEEE Alan F. Lynch,Member, IEEE

Abstract— This paper considers the control of solenoid valve nonlinear behaviour. This complex behaviour results from
actuators used for gas exchange in internal combustion engines. eddy currents, magnetic saturation, limited range of aitiho
Although solenoid valves offer performance benefits over tra- and sensitivity to parameter variation and load disturbanc

ditional camshaft-based valve systems, maintaining low impact Existi trol K oft lies li it dot
velocity is a critical performance requirement. Flatness provides Xisling control work often applies linear position anda@ty

a convenient framework for meeting a number of performance feedback in an effort to limit valve impact velocities [23].
specifications on the valve’s end motion. The proposed control Other proposed solutions include an energy-based metiagd [3

design incorporates voltage constraints, nonlinear magnetic ef- and a nonlinear scheme using acoustical measurements where
fects, and various motion planning requirements. A flat output the controller is tuned based on sound pressure intensily [3

acts as a design parameter and is parameterized with a spline . .
basis. A nonlinear feasibility problem is solved to obtain optimal A sensorless approach suggested in [4], [5] alleviates éeel n

spline coefficients such that performance requirements are met. for position and velocity measurements. Here each coil is
The resulting flat output provides an open-loop control which is used for both current measurement and force generation. For
augmented with feedback so that a linear stable tracking error most of these strategies, a combination of open and closed-
system results. The proposed control scheme is demonstrated in|00p control is performed [17]. After the valve is released
simulation and on an experimental testbed. The performance of | tion i bled during th iddle st ’
a Proportional-Integral controller is compared experimentally to open- 90p compensation IS enabled during the middie stages
the flatness-based method. of motion. A feedback scheme (called end-control here) then
- . ) . follows in the final portion of the valve motion to ensure the
Index Terms—Digital control, internal combustion engines, ve land desired veloci he obiecti f |

modeling, motion-planning, nonlinear systems, solenoids, track- valve a.n S at a desired ve O_C'ty' T e._o jective of operploo
ing. control is to setup valve motion conditions so that when the
end-control is switched on, low valve impact is achievable.
This strategy is necessary due to the system’s limited abntr
) i o ) authority at large air gaps.

IGNIFICANT improvement in spark ignition internal

combustion (IC) engine fuel consumption and reduction s paper exploits a flatness property of the solenoid valve
of hazardous exhaust emissions can be obtained with sdlengi,,ator model [15], [16]. Flatness is particularly walited
valve actuators to (_:ontrol engine gas exchange vaIves_.eThﬁ)sr designing a feasible open-loop trajectory which respec
performance benefits over conventional camshaft engines L&, muer of competing performance requirements. As well,
sult from being able to adjust individual valve timing ovef; narrally leads to a feedback control which can account
the entire load-speed range [33]. Novel combustion t€el@¥q ¢5 model error and disturbances. The proposed flatness-
such as Homogeneous Charge Compression Ignition (HCGlseq control is intended for the final stage of armature
[2], [12], which also potentially reduce fuel consumptiama ytion, and we do not consider the initial control phase. In

exhaust pollutants, can be used with variable valve timingyqition to an open-loop trajectory design which incorfesa
[7] to adjust in-cylinder conditions during engine tramé® 4tion planning constraints as in [21], [22], the proposed
A number of variable valve timing designs exist includingnethod also accounts for magnetic saturation. A nonlinear
solenoid valves [32] or hydraulic system [1] based solwgioneasipility problem is solved numerically to compute a degi
Two important criteria must be_met when splen0|.ds are Usgfen_joop trajectory which meets performance requiresient

to actuate gas exchange valves in an IC engine. First, the trgy,timization applied to motion planning has been well-gdd
sition time for a valve to open/close s_hould take approxatyat ;. 3], [13], [28], [29], [30] and [37]. For the class of flat

4 ms in order to meet maximum engine speeds of 5000 — 60QQems; the optimization problem is simplified by elimingt
RPM [31]. Second, impact velocities of less tham m/s are  qynamic constraints. This is because system variables ean b

desirable for maintaining acceptable engine acousticmenodiﬁerentia"y parameterized by a flat output which acts fees t
levels, and ensuring valve seatings and wear requiremeats @esign parameter in the optimization problem.

met [38]. However, performing efficient solenoid valve coht
is a challenging problem due in part to an actuator's ungerta Thig paper is organized as follows. Section Il presents a

Manuscript received August 26, 2005; revised June 6, 20088. Wiork was model Qf the SOI?nO|d val\{e actuator which includes magneti
supported in part by the Natural Sciences and Engineerisgdeh Council saturation. Section Il derives a flatness-based feedbadk e
of Canada. _ __control. Section IV outlines the open-loop trajectory desi
S.K. Chung and C.R. Koch are with the Department of Mechan|c§ . V d h hod i . |ati ds
Engineering, University of Alberta. A.F. Lynch is with theepartment of ection emonstrates the method In simulation, an ec-

Electrical and Computer Engineering, University of Alberta tion VI validates the control scheme experimentally.

I. INTRODUCTION
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2,1 R, , Magnetic force is given by
— VW F(z,ic) = aavz “(x,ic) 2
v (D Substituting (1) into (2) gives
% Coil 1 3558 F(z,i.) = )‘;g(/g) [1 — (L 4iof(x)) e‘icf(m)] (3)
-y —’§ — 20 are determied by taking a lens squares fi fo it

experimental force data. The resulting parameters)are-

0.0763 Wb, C; = 2.30 - 1072 mm/A, C, = 4.04 mm and

Valve Ret Cs = 4.18 - 10~*A~!. Using these parameters in (3), the

Spring — — magnetic force expression has a good fit with experimental
data, see Figure 2. Newton’s law for the armature gives

KXX

3x%0 Coil 2 %

Armature Damping, B

1800

T T
—— Predicted Force
+ Measured Force Data

1600

1400

[ — 1200+

R, Q2

1000~

Force, F (N)

Fig. 1. Schematic of a two-spring solenoid actuator valvereHeis the soor

valve position,i.. ; is coil current, R, ; is the coil resistance and; is the
coil voltage wherei = 1 denotes the closer and= 2 denotes the opener
coil.

Increasing Current

Il. MODELING

The solenoid valve actuator considered here is similardb th
proposed in [32]. This linear actuator, shown schematidall
Figure 1, consists of two opposing electromagnets that mosig. 2. Comparison of (3) with experimental data & €
an armature-valve assembly. The device is spring-loaded{te2;4,6,8,10,15,20,25,30,35} A.
store mechanical energy with an unforced rest position mjdw
between the coils. Experimental data from a prototype valve
for a modern spark ignition engine provided by Daimler- mi = F(z,i.) + Az, ) (4)
Chrysler is used for identifying simulation model paramgte where A(z, &) = —(ksw + Bi), ko is the spring force Bi

The armature position, denoted hy varies on[—4,4] mm . . i, ; .

. ; L . .is the viscous friction andn is the moving mass. The end-
with x = 0 being the midpoint between coils as shown in . .

. X . . control method proposed here actuates only one coil since ai
Figure 1. Using a flux saturation model similar to [19], we : L
take gap distances, as shown in Figure 2, would be too large for
the other coil to exert any substantial force when the arreatu
is near the activated coil. We ignore disturbance load force

where )\ is coil flux linkage, \; is saturated coil flux linkage, acting on the valve.

0 - =
-4 -3 -2 -1 0 1 2 3 4

Position, x (mm)

Az, ie) = Ag(1 — e F @), >0 1)

i. is coil current andf is defined as The parameters of the mechanical subsystem are obtained
20, by system identification. Armature position for free oseill
f(z) = +Cs tions are experimentally measured and Matlab’s Prediction
CQ — X p y

. . Error methodPEMin the System Identification Toolbox [25],
This form of f was chosen such that the flux linkage modeEbG] is used to obtain estimates oh, K, and B in (4).

(1) is consistent with previous work [21] for small; this 1ha results aren = 0.2773 kg, k. = 250.98 N/mm and

gives a physical interpretation f@r;. Only Coil 1 is turned 5 _ 19 75 Ns/m.

on and we assume no magnetic coupling between coils. Thisl-he coil dynamics can be approximately represented by

is a valid assumption since both coils are not energizedeat th

same time. The forcé" exerted by Coil 1 on the armature is ax, . .

obtained by differentiating the coenergy: E(x’lc) =0~ Rele ©)
. te wherev is coil input voltage andR,. is coil resistance. The

We(@,ic) :/0 Az, §)dg value of R, = 0.52 Q is measured directly. Solving for the
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time derivative ofi. in (5) gives function of y and a finite humber its time derivatives. Con-
) sequently, convenient methods for solving trajectory Kirag
die ___1 v — Reie — Q(m i )d—m (6) problems exist
&~ D) cle = gz \ g P '

Although the flatness-based strategy solves the open-loop
trajectory tracking problem, an additional feedback isuresyl
to compensate for initial condition output tracking error,
external disturbances, and parameter variations. Deposs
the desired trajectory for the armature apek y — y, as the
tracking error. In order to obtain a closed-loop voltage clhi
achieves linear error dynamics

elief(@)
-~ Asf(2)
The system has three states: armature posiiip@armature

velocity & and coil current... The coil voltagev is the system
input.

(v — Reic — M\f'(2) & e e*icﬂm))

[1l. FLATNESS-BASED END-CONTROL §9) + koy + k1 + ko = 0. (12)

A flatness-based static state feedback control is derivgg sove (12) fory® to obtain
so that the armature position converges exponentially to a
desired trajectory. As in [24], [27] and [39] differentia@fhess y® =y kgl — kyii — ko (13)
provides a convenient framework for solving this trajegtor

tracking problem. A flat output is defined as Substituting this expression fgf®) into (11) gives the expres-

sion for the closed-loop static state feedback voltage:

=7 % f()
Using (4) and (7), it can be shown that the states can be v icf"(y)

[y = ko — b — kog] — Aly, 9)

expressed as functions gf and a finite number of its time 2P (g i) { 1 f’(y)” ey (14)
ivatives: —2YyL Y, tc - cle
derivatives: Co—y  fly)
T=y (8a) We chooseky, k; and ky; to ensurey converges toygy
i=1y (8b) exponentially. The robustness of this control law to model
1 error is discussed in Appendix .
ic = _@ [Wfl(_g(gh :[/7 y)/e) + 1] (8C)
) V. OPEN-LOOPTRAJECTORYDESIGN
where
In this section we describe the design of a suitable desired
(W §r ) =1 — 2(y)[mi — Ay, 9)) (8d) trajectoryy, to meet the system performance specifications.
9, 9 Y= Ao f'(y) We constrain the initial and final armature positions as
andW_1 is a real-valued branch of Lambert’s W function [10]. ya(to) = 2.55 mm (15)

The Lambert W functiori¥/(z) is defined such that for every

complex numbet, z = W (z)e" ). Since0 < g(y, ¥, ) <

1, the argument ofiV_; is between—1/e and 0, and this wheret, is the time at which the end-control is activated and

ensures thatV_, is well-defined. ty is the time at which the armature lands. The constraints on
The third time derivative of is used to obtain an expressiorvelocity are

for voltage input

yalts) = 4 mm (16)

) Ya(to) = 2.59 m/s a7)

v = — [F(y,ic) + Aly, )] ©) Jaty) <01 mis (18)

with yd(t) >0, to<t< tf (19)
. ) ) 1 ') Constraint (18) is critical in ensuring reduced wear and

Fly,ic) = 29F (y, ic) {02 —y f(y)} acoustical noise as discussed in Section I. The constramts
iof'(y) acceleration and current are
+ Ly — Rei] (10 , .

) jja(to) = [F(ya(to), ic(t)) + A(ya(to), Ja(to))] /m  (20)

Solving forv gives Ja(ty) =0 (22)

[y B) il oo . Ga(t) > A(ya(t), ga(t))/m (22)

VS5 ) {my Aly, 9) = 29F (y,ic) io(to) = 8.9 A (23)

/
[ L/ (y)H + Reic (11) Since only one coil is being used, constraint (22) is reglire
Cy—y fy)

to ensure only attractive forces are applied. We expect the
Equation (11) has a singularity 4t= 0, however, the motion initial open-loop control phase ensures armature conditare
planning described in Section IV ensures nonzero open-loojese to the prescribed desired initial values for the pmsit
current to avoid this condition. From (8) and (11) the systemelocity, and current in (15), (17), and (23) respectivélyese

is differentially flat, i.e., we can express state and inmuta limits were chosen based on experimental testing.
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Using (11) we can impose a constraint on the maximuthe coil through on-off switching in the H-bridge is inclute
voltage during end-control: to improve simulation accuracy of coil voltage transier@k [
Filter algorithms which are needed in the experiment are als
implemented in the simulation model to estimate armature
The value of 42 V is chosen to match the experiment¥elocity and acceleration [9]. A constant gain Kalman filter
actuator design requirements and possible future on-bod§dused to estimate the velocity, and the acceleration is es-
vehicle voltage standards [6]. timated using a exponentially weighted moving average of

Following [27], we parameterizg, using a B-spline basis: velocity. Since predictions of current dynamics are nedded

- determining electromagnetic forces accurately, eddyeauirr
ya(t) =0"B(t) to<t<t; (25)  effects are also considered in the simulation to provide eemo
whered is a vector of spline coefficients arf@l is a vector of accurate model of the real actuator. Eddy currents are adluc

B-spline basis functions of order defined on the interval @S & direct result of flux changes within the actuator coil,[14

[to,t7]. Due to (11), we take fourth order (i.e., quartic of18]. For fast operation, eddy current losses can subsatgnti
k = 5) B-splines with 6 evenly spaced simple knots oAffect actuator performance due to net flux reductions that

[to, 7] tO ensureyff) is well-defined and we can evaluate (14)°2Use electromechanical response times to increase. ldgwev
The nonlinear feasibility problem is solved using Maﬂab,gomputmg e>.<act amplitude and distribution of eddy cum?nt
Spline and Optimization Toolboxes. Conditions (15), (16} @ challenging problem that depends on the nature of time-
(17), (20) and (21) are linear equality constraints. Coodgg V&7¥iNg current flow in the coil anq the_ position of the arrm_atu
(18) and (19) are linear inequality constraints. Condit{28) [36]. A useful model for approximating eddy currents is an

is discretized in time and becomes a nonlinear inequaliffluivalent circuit representation consisting of a seconda
constraints. Choosing, = 0 and¢; = 1.84 ms, the opti- branch resistancé?. and an inductancd.. [34], [8]. This

mization algorithm converges to a feasible trajectory snownodel is

in Figures 6. B i) = v— Rui +id] (26)

|U(t)| S 42 V, to S t S tf (24)

dt
V. SIMULATION =1+ ¢ 27)
Due to limited coil force at large airgaps, closed-loop die _ . {U — Relic + 1]
control (14) is applied in the final stage of motion [38], [31] dt Le(,ic)
That is, end-control is performed only in the ldst5 mm of — R.(x, ic)ie:| (28)

the entire8 mm motion. We take actual system conditions of

z(to) = 2.53 mm andi(t,) = 2.58 m/s. These values differwhereR.(x,i.) is a parasitic resistancé.(z, i.) is a parasitic
from the initial conditions of the trajectory design defiried inductance and. is an eddy current. Figure 4 shows the
Section IV to investigate sensitivity to initial conditiarror. ~circuit diagram for (26)—(28); it is a more complex coil mbde
A block diagram of the control strategy for closer coil ighan that used for control design. The functiddg(x, i.) and
shown in Figure 3 — the control strategy for the opener cdlle(z,i.) in (28) are difficult to determine analytically, but
is similar and both coils are never switched on at the sartiging transient FEA solutions and least squares optinoizati
time. Controller gains for the error dynamics are selected look-up tables for these functions can be obtained.

ensure the simulation converges to the designed trajectory

within the time intervalty — ¢, = 1.84 ms. The values for R, R, (z,1,)
the gains aré:g = 8.0-10'2 s72, k; = 1.02248-10° s~2 and
ko =6-10% s, )VV\/JD- W

Flatness-Based End-Control

di. (. 4,) i =
g G G YD () N TIL + + _dt =
Jdy Jdy Jd» Y Linear Error Ya Contral ' Py - Switch P Power v -,
Dynamics (13) Voltage (14) Logic Electronics -

A A f
r : Coil
| “oltage
[ -
A\gFt:IrI\;Ehrm « - Mass-Spring (4) H Dy?g‘r‘mcs }4
(25)-(26)
Actuator Fig. 4. Equivalent circuit diagram with augmented eddy aurraodel.
Fig. 3. Scheme of flatness-based voltage end-control witmagon of state VI. EXPERIMENTAL SETUP

variables.
The experimental setup is shown in Figure 5. A real-time
The simulation assumes linear voltagean be applied to implementation of the control law is coded in C, and a
the coil using a switch logic block to output PWM signals int@dSPACE DS1103 control board reads current and armature
the power electronics. A power electronics model that @rivposition as analog inputs. PWM and digital TTL signals
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to the power electronics are output at a sample rate of 50Figures 6—10 show experimental results obtained for both
kHz. The H-bridge power electronics provide three outpebntrollers. The simulation results for flatness-basedrobn
modes {42 V, 0V, and —42 V) for regulating voltage to are also superimposed on the graphs. In Figure 6 the flatness-
the actuator coils [9]. All modes are achieved by switchingased control shows good convergence of armature position
two high speed voltage-controlled power IGBT transistorto its desired reference. The simulation results show good
One transistor is switched at 50 kHz while the other receivagreement with the experimental data. Discrepancies with
a PWM signal with a 50 kHz duty cycle. If switchingsimulation are more apparent in Figure 7 where the flatness-
frequencies are sufficiently high it is reasonable to assurbhased control achieves an acceptable end-velocity of about
that PWM duty cycle approximates linear average voltagell m/s. Figure 7 also illustrates slight impact bounce ef-
[11], [31]. The DC power supply is a Sorenson DCS6dects not observed in simulation. After-impact dynamics ar
18E 1kW switching power supply set to 42 VDC. Currenhot modeled in simulation since we are only interested in
measurements are conducted with a Hall-effect (LEM LAS5%chieving low impact velocity at initial contact. Experintel
P) current sensor. Armature displacement measurements rasailts confirm that if the low impact velocity condition is
measured by an eddy current position sensor. Since thetestbatisfied, bounce dynamics can be neglected. Armature impac
does not have a hydraulic lash adjuster, the exhaust/intaledocity under the PI controller is about 0.12 m/s. The highe
valve can be assumed to be rigidly connected to the armatimgact velocity can be attributed to increased currentlgeve
without separation throughout the entire range of motion. as shown in Figure 9. Figure 8 and 9 show good agreement
between actual and simulated acceleration and currentsesu
respectively. Actual voltage levels are shown to be within
Power Electronics Testbed and Actuator +42 Vin Figure 10. When < 2.85 ms, +42 V is switched

E on to pull the armature in.

Sorenson Power Supply

- 7 E 4+
Overcurrent
Protection Circuit Eddy Current
"’r-:ﬂm 7 Opto-Isolator Armature Position
;:L_l 1Y A p—— Sensor
HP Triple Linear —
Qutput Power Supply g 25l
DS1103 c
Controller Board :g
[}
o
o
[ -+ Simulation (FB)
E - - Actual (FB)
e 3r = Actual (PI)
< — Reference
Desktop PC
. . . . ’
Fig. 5. Schematic of experimental testbench showing the dSpaatroller, 255
the solenoid actuator, power electronics and DC Power. 2 1s 18 5 37 aa 25 23 3 >
-3
Time (sec) x 10

VII. EXPERIMENTAL RESULTS Fig. 6. Desiredyy, simulated and measured armature position
Both a flatness-based and Proportional-Integral (PI) con-

troller are experimentally implemented. The PI currentdfee
back controller Fifty experimental closing tests are conducted using the

" flatness-based control in order to verify its ability to rafselly

ipi = Kpy + KI/ g(T)dr maintain low impact velocity. Given a variation in the iaiti

0 state at which the end-control was activated, the flatnase

usesy to generate a coil current. The gaii§, and K; are design consistently landed the armature softly. An average
tuned to obtain the best possible performance and thistresudlocity of 0.097 m/s with a standard deviation of 0.028 ra/s i
is compared to the flathess-based control. Both feedback cobtained as shown in Figure 11. A similar test cycle using the
trollers require an initial open-loop current control tdider Pl controller is performed. Figure 12 shows the distributio
the armature to a suitable suitable condition to initiatd-enof armature impact velocities with a slightly higher averag
control. For the case of the flathess-based control, thetarena velocity of 0.12 m/s and standard deviation of 0.045 m/sn¥ro
is delivered tar(ty) = 2.525 mm andi(ty) = 2.580 m/s. Note these results we conclude that the flatness-based endontr
these conditions are close to the prescribed initial caotit provides robust performance as long as initial conditiowrer
used in the simulation described in Section V. For the B small. In addition, flathess-based control is enableet lizx
controller, the armature is delivered tet;) = 2.309 mm the valve motion than Pl end-control, and judging by the tnpu
and (tg) = 2.690 m/s. The PI controller has a proportionatrajectories shown in Figures 9 and 10 seems to require less
gain K, = 2500 A/m and integral gaink’; = 350 A/mZ. control effort.
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VIIl. CONCLUSION

The combination of stringent performance requirements anging a spline basis, and a nonlinear feasibility problem is
complex nonlinear dynamics makes solenoid valve motion

50
40 -
.| 7 k1 it e el i e _‘I”:
30! |
1 1
1 l:
20, 1
< ! !
2 10p i
[ 1 |:
g U E
=2 0of B B
S f Y
> : [N ;
3 -10F U
(&) [
st
—20¢ . Simulation (FB) T
Actual (FB) (IR
-30F =+ Actual (P1) [ A
AL
-40F s
_5ols . . . . . . . . .
1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2
Time (s) x107°

Fig. 10. Simulated and actual voltage

Mean Velocity = 0.097 m's
Standard Deviation = 0.028 m/s

Frequency

006 008 0.1 0.12 014

Impact Velocity (m/s)

016 018 02

Fig. 11. Distribution of armature impact velocity for 50 cyzleia flatness-
based voltage end-control.

Mean Velocity =0.12m's
Standard Deviation = 0.045m's

Frequency
B

008 01 012 014

Valve Impact Velocity (m/s)

016 018 02

Fig. 12. Distribution of armature impact velocity for 50 cylevia
Proportional-Integral current end-control.

control a challenging problem. This paper presents a lumped
parameter solenoid valve simulation model which includes
magnetic saturation and eddy current effects. The parasete
of the model are obtained from experimental data of a pro-
totype actuator. This solenoid valve model accurately ipted
the dynamics of the system when compared to experiment;
hence, the simulation model is a useful tool for control algo
rithm validation. The proposed flathess-based controwallo
for an open-loop design which includes a number of important
motion planning constraints. A flat output is parameterized
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solved numerically to obtain the suitable open-loop cdntro
A PI controller is implemented in order to compare its
performance with the flatness-based design. Consistent I
impact performance is demonstrated for the proposed dontrgy]
The PI control produced a slightly higher average velociiyw
a greater variation. 3]
[4]
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APPENDIX I
ROBUSTNESS OFFLATNESS-BASED CONTROL LAW
We recall the control law (11) and define the vectérs-

(gaj}aﬁ)Ty z = (yvy.vg)T! and 2d = (ydaydayd)T' We can (6]
renotate the control (14) as

v((,t) = al) = BOKZ (29)

for appropriately defined functions, 3 of the system state [1]
¢ = (z,2,i.)7 and K = (ko, k1, k2). We can rewrite the
tracking error dynamics as

z=Az+ B¢~ a(0)

where (A, B) is in Brunovsky controller form. If we apply [12]
control (29) to this system we have LTI tracking error dynam-
ics

(7]

&l

[11]
(30)

(23]

7= (A—- BK)z3 (31)

or equivalently (12). However, suppose we compute the obntm
(14) based on an incorrect model assuming model structure is
known, the resulting control is denoted

B(C.t) = a(Q) — BIOK (2 — 2a)

where * denotes a function based on an incorrect modétfl
Substituting (32) into (30) gives the perturbed error dyitam

[15]
(32)

£ (A— BK): + BS(5,1) @3 M

where [18]

6(z1) = 87O [a(0) = alQ) + (B(O) — BIO) K2 [19]
+BOKE=2)] ) (34)

. [20]
wherez = 2 — z5. Now we can apply a straightforward
modification of [20, Lem. 13.3] which states that for a systefd!]

(33) with A — BK Hurwitz and P > 0, the solution to

P(A—BK)+ (A—-BK)TP =T

with k£ > 0 a constant less thaty (2| PB||,), then
o if |6(2,8)|| < k2], VZ,t, the origin of (33) is globally
exponential stable,
o if||6(2,8)| < k||Z]|+e, V2, t, for somee > 0, the tracking
error Z will be globally ultimately bounded bye for some
c> 0.
Local stability and ultimate bounded results are also imimed26]
ate. Hence, provided the norm of the model error téroan
be linearly bounded, the proposed control will ensure etad?ﬂ
tracking or ultimate boundedness.

(22]

(23]
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