Optimal Control for Bouncing
Suppression of CNG Injectors

This paper describes the model-based design and the experimental validation of a control
system which suppresses the bouncing behavior of Compressed Natural Gas (CNG) fuel
injectors. First a detailed model of the system is developed, including temperature and
supply-voltage variation effects. Using an optical position sensor, this model is experi-
mentally validated in a second step. Based on this model a feed-forward controller is
developed and tested which minimizes the bouncing energy of the system. Since in series
applications position sensing would be too expensive to use, an observer-based iterative
control algorithm is derived which uses coil current measurements instead of the position
information to asymptotically suppress bouncifipOl: 10.1115/1.1648311
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1 Introduction used. Therefore, the coil current will be used asirdormation
. . rcebased on which the needle position can be estimated.

Compressed Natural Ga_s has s_eve_ral attractive properties Wﬁgﬁ order to reach the objectives mentioned, the following steps

used as a fuel for automotive applications. Its outstanding carbq{gve been taken:

to-hydrogen ratio is approximately 1:4 compared to approxi- '

mately 1:2 for regular gasoline or Diesel fuel. The resulting car- 1. System modelling, including models ohdesirableeffects

bon dioxide emissions thus are substantially lower as well. such as battery voltage dependency and temperature depen-

Moreover, CNG has a relatively high octane num@@B@oN125 or dency of the coil resistance, etc.

higher, versusRON90 . . . 95 inregular gasolinewhich permits 2. Realization of a test environment which permits the valida-

higher compression ratios and hence better thermodynamic effi- tion of the models and of the control algorithms, a corner-

ciency levels[1]. Pollutant emissions of CNG engines are also  stone in this step being the development of a suitable posi-

extremely low and thus easily stay within the most severe limits  tion sensor which monitors the position of the injector

set by emission legislatiori&]. Finally, natural gas reservém- needle.

cluding nonstandard sources like methane hydyatesestimated 3. Model validation, again including the influence of tinede-

to be several orders of magnitude larger than those of crude oil sirable parasitic effects

[3]. 4. Formulation of a meaningful optimization problem, i.e.
The only serious drawbacks of CNG as a fuel for automotive  seeking that current pattern which minimizes ti@uncing

applications are the slightly reduced volumetric efficiency of the  energyand leads to a model-based solution of this problem.

engine, the relatively low energy density of CNG tariéipproxi- 5. Experimental validation of the proposed control algorithm.

mately one half of the value of gasolinend the as yet missing

refuelling infrastructure. The reduced volumetric efficiency can be . .

compensated by supercharging which, as a welcome side effect, Injector System Modelling

also improves the engine’s thermodynamic efficiefidy Regard- ~ The mathematical model of the injector valve basically consists

ing CNG tanks with improved energy densities, various awf three interconnected subsyste(fgg. 1):

proaches are being discussed including novel storage mechanisms . )
which are expected to alleviate this problem in the future. a. Electric subsystem:The coil of the electromagnet forms an
The precise control of the air/fuel ratio of CNG engines is glectric RL circuit which is connected to the battery voltage with
very important prerequisite to realizing the benefits mention(é’cjpower'sw!tch'”g transistor. The electric subsystem is coupled to
above. Such control loops will need high-quality, but low-codf'® magnetic ring. _ _ _
actuators for the preparation of the air/lCNG mixture. Several b- Magnetic subsystem:It consists of the air gap, the mag-
ideas for radically new approaches for such actuators with hii§tic core(coating, and the armature of the magnet. Due to the
precision and fast response times have been proposed in the'figgnetic flux the forc&,, arises in the air gap. The transforma-
erature[4], however, they all depart from well-established mandfion of the magnetic energy into mechanical energy and vice versa
facturing and system integration approaches used in actual fugfeurs in the air gap whose length varies. The magnetic subsystem
injection systems. Economically, it is much more attractive ti§ coupled with the electric subsystem through the electromotive
reuse known conventional gasoline fuel injector designs and ad#Jce Uemk - The electric effects of this feedback are measured
them to operate with gaseous fuels like CNG than to introdu@@d allow either the calculation of the bouncing energy or, if
entirely new technology. necessary, th_e reconstruction of th_e needle position.
The main problem encountered in adapting the gasoline fuelC: Mechanical subsystemit consists of the valve needle con-
injector is the bouncing of the injector needle which is due to tHéected to the plunger and the spring.

very low damping of the gaseous fuel compared to liquid gaso-3 1 Ejectric and Magnetic Subsystems. In a ferromagnetic
line. This bouncing impedes a precise fuel dosage and limits iRyaterial, the relative permeability,(B) depends on the applied
jector lifetimes. The key idea of the work described in this papg|d H[ A/m] and in fact on the past history of the exposure of the
is to use the coil current of the injector &etively counteract this material to magnetic fields. Since the modelling of this phenom-
bouncing. For economic reasons, no additional sensors may in of hysteresis, in which a ferromagnetic material remembers
the past fields, is extremely complex it remains an open research
Contributed by the Dynamic Systems, Measurement, and Control DivisioA®f T problem[5]. Therefore, in the present work the relationship be-
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Fig. 2 Model of three connected subsystems of the electro-
magnet
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The geometrylength of the air gap in the magnetic ring varies as
a function of the positioih of the plunger which is connected with

‘ 5 the valve needle.
4 1 ) g_
h
Ringam——— 6
m,gap MO'Agap ( )
o 6 From the known reluctance and magnetic flr, the magnetic
flooding ®,, as well as the current in the coil can now be com-
puted:
7 Y
Ou=®y- 2 Ruyo 1= 5 Y]
S v coil
v
The calculation of the magnetic fordg,, of the valve solenoid

— can be carried out on the principle of virtual displacement. Any
changedh in the displacement of the magnetic air gap causes the
following mechanical workW,,,.. to be performed:

Fig. 1 Cross-section of an injector  (courtesy Robert BOSCH
GmbH) dWec=Fy-dh (8)

Based on the energy density, the decrease of the magnetic energy
Without regard to hysteresis, we receive an unambiguous, ndffmag due to the volume reduction of the magnetic air gap in the
linear connection between the applied field strertgfA/m] and ~direction of the plunger shift can be computed as follows:
the flux densityB[ T]. With the relative permeability.,(B) and
the permeability of aip, this relationship reads as follows:

B
H= —— 1
mo- pur(B) ) core
By neglecting the leakage fluxes and the iron losses, we obtain th—— " < o, “x
structure of the model shown in Fig. 2. 4 ;
The model of the electric subsystem can be written as: | !
i ; 3
do,, ] S i
Upatt= u(:_’_URC:N(:OH' T"—Rc"c (2) [ call i I
The magnetic subsystetmagnetic ring consists of three differ- } hy
ent materials and of the air gap. Figure 3 shows the electroma v ‘ )
netic circuit of the injector with the geometrical parameters. Thei Ul | ‘
corresponding reluctance may be computed as follows: - o ” ‘ -
PR ; ~casing
R =R +R = 3 w
m,core m,corel m,core2 /—LO'/'Lr,core(B)'Acore ( ) .
R R cag+ R 1+, 4) Pt
moasT mcast T M eag - Hr.casB) - Acas Fig. 3 Sectional view of the electromagnetic circuit
48 / Vol. 126, MARCH 2004 Transactions of the ASME

Downloaded From: https://dynamicsystems.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



dw. —d{ Bz'ApIunger'h]_ cD%/I'h ]

mag 2-po 2'll'LO'ApIunger

=dWpe=Fnm-dh
.mec M (9)

Aplunger-- square of the air gajm?]
Finally, the magnetic force is obtained as follows:
(1)2

. (10)

Fo=—
M 2':U“O'Aplunger

2.2 Mechanical Subsystem. The valve needle is influenced
by the following additional forces:

a. The spring forceF; with pre-tensionF¢, end the spring
constantkc, f can be calculated as followB;;=kc¢-h+F¢ g

b. The gas pressungy,s causes a gas fordg,,s. Due to the
complex shape of the inner part of the valve and the complex
supersonic gas flow behavi8], it is possible but a rather com-
plex task to calculate this gas force exactly. However, it is obvio
that it is not needed to calculate the behavior of the mechani
and pneumatic phenomena more accurately, because the debounc-
ing control algorithm is running in closed loop and, better yet, in ) ) ) -
real time. In addition, since the gas pressure in the rail is regéQil: €ven while the valve is closing. The position of the valve
lated, the pressure changes amount to less than 2% of the set pofftdle can be thus reconstructed from the measured current.
(usually set point is 8,000 HPaTherefore, this force was mea- Figure 5 shows the comparison between predicted and mea-

Fig. 4 Test bench with optical position sensor for the investi-
g%tion of the injector behavior used for parameter identification

sured and assumed to be constant at the operating point. sured system behaviors after the battery voltage is switched on.
1 Such perfect results can be obtained under the condition that the
Fgas=Pgas Kgas:  Kgas=0-84N-bar™~] (1) model parameters have been identified very exactly in the chosen
c. Friction and damping forces are modelled as the conktantoperating point. However, in a real application this will hardly be
as shown in Eq(12). the case and the use of an observer or another adaptation method
d. The force of gravity of the valve needle is neglected. is necessary.

The sum of all these forces accelerates the valve needle:

dzh dh 25
(Mneedist mplunger) : W =Fy—kg- a_ Ket-h— Ff,O_ Fgas
(12) 2
Another difficult problem is modelling the impact behavior of the

valve needle at the upper and lower mechanical limits. This im- <15
pact behavior is highly nonlinear and discontinuous. For a simple %
but sufficiently precise model, we assume a sign reversal and af
simultaneous decrease of the needle velocity at the time of thed 1}
impact. With the coefficient of restitutiok,.¢ this relationship

reads as follows:
05

v(ty)=—signv(t)]-|v(t2)] Kes, 0<Kes<l (13) — Model

- Measurement

2.3 Observer of the Valve Temperature. A simple ob- 0 , : :

. . 0o 05 1 15 2 25 3 35 4
server calculates the temperatdtg,; of the electromagnetic coil Time [s] <10
from the coil currenti; . and from the battery voltagey s,
both at steady state, with the valve completely open:

x10"

Upatt, _
oo =Kew =, Key---[K-Q71] (14)

IC,SS

3 Experimental Setup and Model Validation

[

3.1 Test Bench and Position Sensor.The behavior of the
injector was first examined while the injector was removed from
the engine. For the measurement of the valve position an optical
sensor with a bandwidth of 100 kHz was develogsee Fig. 4.

Once the injector is built into the engine, the needle position of
the valve cannot be measured directly with an optical sensor.
Therefore, an observer-based iterative control algorithm is derived

Vaive Stroke [m)

-

— Model
which asymptotically suppresses bouncing using measurements o .o+ Measurement

the coil current instead. Unfortunately, with a standard power am- GO Y : T 25 3 25 4

plifier stage there is no current flow through the magnetic coll Time Js]
while the valve is closing and therefore the position of the injector
needle cannot be reconstructed. A special power amplifier staglg. 5 Comparison between predicted and measured system

has been developed, which guarantees that in every operating sbaifwiors after battery voltage is switched on. Operating point:
of the injector a specific current flows through the electromagnetic,,;=9.3 bar, up,=12V, R.,;=5.3 Q.

x10°
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Fig. 6 Switch-on and switch-off transients with typical bounce effects without
bouncing suppression  (Chl.. Electronic Engine Control Unit-Pulse, Ch2.. i [1
A/div], ChA.. Needle position [0.05 mm/div], Time.. [1 ms/div])

For the debouncing control strategy shown in this paper, tietic force of the valve solenoifl,=0 and the valve needle is
position of the valve needle does not need to be reconstructéstced to the lower mechanical limit by the force of the spring and
The calculation of the bouncing energy from the measured cafle gas force only.

current in real time is entirely sufficient. While the engine is running, the permanently changing environ-
mental variables of the injector such as natural gas pressure in the
4 Optimal Control of Bouncing Energy rail, battery voltage, and operating temperature critically influence

) ] o the bouncing behavior. Any real-time debouncing closed-loop
4.1 Problem Formulation. The bouncing of the injector control strategy that is to substantially reduce or even eliminate
needle(see Fig. 6 negatively affects the behavior of the naturalthis houncing, even if the environmental variables are changing,
gas engine, because of stochastic effects and system nonlineariies iq take these effects into consideration.
in the mass throughput of the natural gas. In addition, the bounc-
ing shortens the lifespan of the injection valves. 4.2 Solution. As shown in Fig. 7, the debouncing control
Figure 6 shows the behavior of a not debounced injector wilirategy of the injector needle is implemented by well-aimed
typical switch-on and switch-off transients. The switch-off boundsrake pulses. An optimization algorithm controls the positign
ing is twice as strong as the switch-on bouncing because the magéd the pulse widtly, of each brake pulse, with the result that the

t, Injection time

TTL-Pulse from ECU

\
TTL-Pulse Begin (PB) TTL-Pulse End (PE)

\

\\

oo, boo e, toe)
Shifted position Shifted position
of the braking pulse of the braking pulse
at valve opening at valve closing

Fig. 7 Position and width of the braking pulses as shifted by the optimization
algorithm. (Index t_, for opening and t . for closing )
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Fig. 8 Switch-on and switch-off transients with proposed optimal bouncing
suppression (Ch1l.. Optimal pulse pattern, Ch2.. i, [1 A/div], ChA.. Needle posi-
tion [0.05 mm/div]

bouncing energyV(t,,t,,k) is minimized. At the time position The bouncing energy cost functidh(t, ,ty k) has multiple local
tp0, the battery voltage is switched off for a short timg,. At minima. Therefore it is necessary at each operating point to
pulse end, i.e., at the time positidp ., the battery voltage is bracket the suitable convex interval. The independent varidples
switched on for a short timg, .. If these brake pulses are of theandt, will than be calculated as followsee Fig. %

optimal width and occur at the optimal time position, the injector
needle is decelerated such that it reaches the upper or lower me- tp=tpp T ALy 17
chanical stop with zero velocity, as shown in Fig. 8. ty=tp pt Aty (18)

4.3 Definition of Bouncing Energy. The cost function for The rough base values, andt,, are stored in a look-up table
the optimization is the bouncing enerdy(k) of the injector oy gifferent operating points. These base values lead the optimi-
needle at the engine cycle It can be calculated either directly zation algorithm into the direct convex proximity of the corre-

from the measurement of the position(if available), sponding global minimum. The fine-tuning of the valugandt,
tep then is a result of the valuesst, andAty,, which are calculated at
Wi(tp,ty ,k)=khf h2(7)-dr (15) each new engine cycle by the optimization algorithm. This feed-
0 (k) forward control strategy keeps the number of iterations to a mini-
mum, which increases the real-time efficiency of the optimization

or indirectly from the reconstructed positibp based on the mea-

sured coil current; while the injector needle is bouncing. algorithm.

While operating in the engine, the injector is switched on and

t off with the frequency of the engine duty-cycle. In each cycle, the

EP
W(tp,tp :k):khrf hZ(7)-dr (16)  position of the injector valve is reconstructed from the measured
0 () coil current. Subsequently the bouncing energy is determined and
Ycoil R tp.b
pgas ,| Look up Table

Ubatt R Fuzzy Arbitrator | th ‘ \

Injection Pulse
| from the ECU

» Atb ,@ § > T
»  Optimization Generationof | = "l pover Amplifier | -
N Algorithm _Atp o Pulse Pattern i
|
Wi(k-1) S !
z |
' ) Position ; Injector
A @ Calcutation of o Reconstruction W' | Electrical Coil [~
W(k) Bouncing Energy Temp. Observer Current Sensor
o __Scoil
Fig. 9 Diagram of the optimization
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Fig. 10 Test board with the FPGA chip and ¥—&—A/D con-
verter circuits

|
11__.,(, , e
then the optimization algorithm calculates the new position an " ~ + N
width of the brake pulse. Finally, the new improved pulse patter
is generated, which decreases the bouncing energy for the follo \ ol , .
ing engine cycle. This real-time strategy continuously minimize!| | \ \
the bouncing energgsee Fig. 11
\ \ p i . .v .

5 Current-Based Control VI V]V Mved P

i

5.1 Control Algorithm. As described in Sec. 4.2, positionFig. 11 The first six measurements of the control algorithm
and width of the braking pulses are calculated by a 2-D optimizauring the de-bouncing process at a sampling frequency of 25
tion algorithm. Hz (3000 rpm). Scaling: Brake pulse (upper curve ) 5 V/div, In-
From any a particular starting poigg which is defined as the jector needle position  (lower curve ) 0.05 mm/div, time 0.5 ms /
origin of the two-dimensional coordinate system with coordinatév
y=[ty,tp], the bouncing energy functiow(t,,t,) can be ap-
proximated by its Taylor series:

Mty ) Wt )

W(y) =W(t,,tp) =W(yo) + because the inverse of the Hessian Mattix* is approximated

dtp P oty ° by the positive definite, symmetric matr® which is determined
2 by successive calculations without knowledge of second deriva-
1 0W(t,,tp) e
+ ottt ... (19) tves:
2| dtyot, P
p;p;
L1, Cj11=Cj+ 4——K, (22)
W(y)~W(yo) + VW(y)'y+ 5y Hy (20) PiPi

Assuming that the inverse of the Hessian matfixexists, then where the Davidon correction matrix is

with Newton’s method each successor paipt; is given by: qujq}Cj
- m=— 23

Yier 1= Vi H(y0 Wy 1) " dc, =
In the present work, the variable-metfavidon-Fletcher-Powell gnq with the optimal solution of the 1-D optimizatiorf
(DFP) method for optimization is usefi7]. The cost function
W(t,,t,) can be locally approximated by the quadratic form of pjz)\}*djzyj+1—y,— (24)
Eq. (20). With successive line minimizations of the quadratic cost
function along conjugate directions, one pass of two line minimi- g;=VWI(yj+1) — VW(Y)) (25)

zations should bring it exactly to the minimum. However, since 52 |terative Optimization Algorith
the cost functiolW(t, ,tp) is not exactly quadratic, this will not ) erative Uptimization Algorithm.

be the case in general. o 1. Preinitialization step Set the termination scalar>0. Read
With the DFP methodthe search directions are of the foun the initial pointx, from the look-up table and s&=1. Let

=—C;VW(y), in lieu of dj=—Hj_1VW(y), as in Newton's y;=x, letk=j=1, and go to the next step.
method. TheDFP methodeliminates the need of multiple mea- 2. Optimization steplf |[VW(y;)||<e, go to the reinitialization
surements followed by the calculation of second derivatives, step; else, letd;=—C;VW(y;) and let\; be an optimal
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solution of the 1-D optimization which minimize®/(y; second graph in the left-hand column shows the bouncing tran-

+A;d). sient after the first optimization step. The position of the braking
Lety. ., =yi+\*d;. If j<2, construcC;, , from Eq.(22), Pulse was shifted to the left by about 100 microseconds, which
replajcej byjj 1 énd repeat the optim]ization step. reduced the bouncing. Finally, in the sixth step, the position of the

If j=2, lety;=X,.1=VYs, replacek by k+1, letj=1, and braking pulse is almost optimal and the bouncing is insignificant.
repeat the optimization step.

3. Reinitialization step SetC=1, letk=j=1, and go to the .
optimization step 2. 7 Conclusion

A nonlinear control strategy for CNG injectors is presented.

he first part describes and models the electromagnetic injection
ve for compressed natural gas, as well as its bouncing behavior.
e second part derives a control strategy for the elimination of
e undesirable bouncing effects of the injector needle.

The proposed real-time control algorithm minimizes the unde-

algorithm can be used after the starting and warm-up periods. able bouncing of the CNG injectors. Since any position sensing

this case, just the position of the brake pulse is changed. Howe¥y (€ injector needle in production-type vehicles would be too
the width of the brake pulse remains fixed during the optimiz *xpensive and therefore is not available, an observer-based itera-
tion. ive closed-loop control algprlthm has peen derived which asymp-
totically suppresses bouncing using coil current measurements in-

6 System Test stead of the position information. _

L ) i i The optimization algorithm was implemented orField Pro-

The optimization algorithm described above has been implgrammable Gate ArrayFPGA) board and has been successfully

mented on a Field Programmable Gate ArB?GA) board(see tested in the CNG engine of a four-cylinder engifet, 1.81,
Fig. 10 using the hardware description language VHDL. Thisgy).
technology allows the truly concurrent calculation of all eight op-
timization algorithms(in the case of a four-cylinder engine with
one each switch-on and switch-off optimization algorithm per cyReferences
inden, including the acquisition at 100 kHz of the four injector
coil currents, four injector coil temperatures, battery voltage, an

This iterative optimization algorithm is interrupted by a fuzz
decision algorithm with feed-forward control which is running in
a concurrent process whenever the operating point of the injec
changes. After the interruption the optimization algorithm returr{
to the preinitialization step.

For an increase of the real-time efficiency, a 1-D optimization
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