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than 0.5 ECR, in the presence of 10% measurement error.
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1. Introduction

High-gain observers have been used extensively in linear and
non-linear estimation and control applications (Bullinger &
Allgower, 1997; Chitour, 2002; Dabroom & Khalil, 1997;
Gauthier & Kupka, 1994; Khalil, 1999, 2008; Mahmoud & Khalil,
2002; Poznyak, Martinez-Guerra, & Osorio-Cordero, 2000; Saberi
& Sannuti, 1990; Veluvolu & Soh, 2009). In most cases, these are
Luenberger-type estimators with a large gain, which are com-
monly used for estimation of slowly varying states or inputs. The
effort by Stotsky and Kolmanovsky (Stotsky & Kolmanovsky,
2001, 2002; Stotsky, Kolmanovsky, & Eriksson, 2004) is one of
the only strategies, to the authors’ knowledge, that uses an
auxiliary-variable high-gain observer approach to estimate
unknown un-steady inputs. Several other efforts have also incor-
porated this approach (Ahn, Stefanopoulou, & Jankovic, 2009;
Polushin, Liu, & Lung, 2008; Tona, Moulin, Venturi, Tilagone, &
Gautier, 2007). This technique is desirable for dynamic, nonlinear
systems in which the input to be estimated cannot be considered
slowly varying. An effort detailed in Bartolini, Ferrara, and Stotsky
(1994, 1999) describes a similar estimation scheme using two
auxiliary variables, but is applied for estimation of bounded
disturbances. Kolmanovsky, Sivergina, and Sun (2006) incorpo-
rates this design for input estimation and derives similar stability
results as Stotsky and Kolmanovsky (2002). The proof of estima-
tor stability for the high-gain input observer developed in Stotsky
and Kolmanovsky (2002) is also presented in the appendix of this
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paper, and shows that with sufficiently large observer gain, the
estimation error tends to zero with increasing time. This analysis
as it stands, while very useful, does have some limitations, which
will be detailed in the following sections. Specifically, the stability
analysis previously presented in Stotsky and Kolmanovsky (2002) is
extended here to provide a less conservative convergence guarantee
for the estimator error. A strategy is also outlined for selecting the
observer gain based on system dynamics, measurement uncertainty,
allowable steady-state error, and desired convergence time.

The estimation scheme, stability analysis, and gain selection
strategy are applied to estimate the effective compression ratio
(ECR) of a diesel engine. The effective compression ratio is a
measure of the effective amount the in-cylinder gas mixture that
is compressed above intake manifold conditions and can be varied
through modulation of the intake valve closing (IVC) time (He &
Durrett, 2008; Modiyani et al., 2011). The effective compression
ratio is a key gas exchange and combustion input for targeting
advanced combustion events aimed at fuel efficiency, increased
torque and reduced emissions (Helmantel, Gustavsson, &
Denbratt, 2005; Jia, Xie, Wang, & Peng, 2011; Kulkarni, Stricker,
Blum, & Shaver, 2008; Murata et al., 2007, 2008; Nevin, Sun,
Manuel, Gonzalez, & Reitz, 2007). Historically, methods for
determining the compression ratio of an engine rely on the
availability of accurate in-cylinder pressure measurements
(Hountalas, Mavropoulos, & Kourbetis, 2005; Klein & Eriksson,
2006; Lamaris & Hountalas, 2009; Watzenig, Steiner, & Sommer,
2008). However, accurate in-cylinder pressure measurements are
not commonly available in production engines, motivating the
need for a real-time estimation scheme for effective compression
ratio using only information available from stock engine sensors.
The work presented here builds on the previous work by the
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authors (Stricker, Kocher, Koeberlein, Van Alstine, & Shaver,
2012), in which an estimation scheme was developed for the
effective compression ratio relying only on typical production-
viable on-engine sensors, including manifold temperatures and
pressures, fresh air and exhaust gas flows. In that effort, the
estimator gain was selected in an ad hoc manner, and the
observer design was not analyzed for stability or robustness. In
this paper, the stability and robustness analysis is applied to the
ECR estimation application, and the gain selected strategy is
employed to determine the gain necessary for desired estimator
performance. With this analysis, the estimator will be shown to
converge to within one half a compression ratio in under four
engine cycles while in the presence of up to 10% measurement
uncertainty.

2. Estimator stability, robustness, and convergence rate
2.1. High-gain observer
The high-gain observer design introduced in Stotsky and

Kolmanovsky (2002) for a first-order system, Eq. (1), is given by
Egs. (2) and (3)

Z=Yy+x 1)
X=Kz—¢ )
&= —Ke+Ky+K’Z 3)

where signals z and y are known or measured, x is the unsteady
variable to be estimated, x is the observer gain, and ¢ is an
auxiliary variable. In the case of uncertainty in the variable y,
Eq. (3) becomes

&= —Ke+Ky+ KAy +K°Z @)

where Ay is the uncertainty in the variable y. Assuming the
unsteady variable x is By4-Lipschitz, the stability result, derived
in Stotsky and Kolmanovsky (2002) as well as the appendix, is
given by

dee?) B,

—_— p— 2 ——
dt < K€+K (5)

2
= |e(t)] < |/ ed exp(—xt)+ l%‘ 6)

from Eq. (A.33), where e is the estimation error and B, is an
upper bound on physical system dynamics, given by

supe|X+xAy| <Biy @)
with a worst-case value for By, defined as

B1A=‘X‘ +K‘Ay‘ (€]

max

The transient error bound result of Eq. (6) is illustrated in Fig. 1
with the dashed black line. Note that the error is not guaranteed
to converge to zero, per Eq. (6), indicated by the dashed grey line.
This result from Stotsky and Kolmanovsky (2002) indicates that
the squared error will always be less than this bound, however, it
does not necessarily guarantee that the error will always
decrease. As an example, the transient error may possibly follow
a path indicated by the red line in Fig. 1, where the estimator
error might actually initially increase. As such, no guarantee on
the convergence rate may be made.

= = = Transient error bound [12]
2482 1, \ v Possible error path
0 1A R Max steady-state error
~
‘\
2
~ B
S e(t)Zzegexp(—mt)-i-#A
T S~
Vi NN
(:4: B ///,,//// s\\
e 2 iy ~
() "y, S~
TR ", ~<
'y -~
> Ts~
iy
"”’”’”’Hu,, ~~‘-
’Huuuuu,‘
2 2
B1A/K
0 Time —

Fig. 1. Transient error bounds. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

2.2. Development of a less conservative estimator performance
guarantee

Upon further inspection of Eq. (5), with the candidate Lyapunov
function V
. B2
V=eZ:Vs—KV+% )]
make the assumption that
2

f;cV+B,% <0 (10)

which is true as long as

o> Bua (11)

le]

In the worst case, corresponding to the slowest rate of decreasing
squared error, V from Eq. (9) is given by

. B? B?

vm:—xv+% =—K<V—Kl§> 12)
Solving for V4, consider the candidate solution

Vmax = C1 exp(—kt)+C, 13)

where coefficients C; and C, are solved for using initial
conditions:

Vinax(0) =Vo=C1+C2 = C =Vo—-C; (14)

2
BlA

Vmax =-C1K exp(—xt)=—kV+ T

. BZ BZ
Vmax(o) = _ClK = _KV(O)+ % = _KVO+ %

2

B
:>C] =V07ﬁ (15)
B2
ﬁczzﬁ (16)
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resulting in the following solution for Vqy:
B? B?
Vinax = (VO K:2A> exp(—kt)+ ﬁ a7)

It then follpws that, from Eqgs. (9) and (12), a new constraint is put
onV and V:

2
V <V = —K <v0— %‘) exp(—kt) (18)

Bt Bi,
V<Vnx= Vo—7 exp(—;ct)+7 (19)

This new result is illustrated in Fig. 2, where the black dashed line
indicates the error bound guaranteed by Stotsky and
Kolmanovsky (2002) (Eq. (A.33)), and the blue line indicates the
guarantee given in Eq. (19).

Inspecting Eq. (19) further, it is evident that the squared error
V =e2 will always decrease when it is larger than B?,/x2, the
upper bound for the steady-state error. As such, the squared error
is constantly decreasing at a rate consistent with a time constant
() no larger than 7 = 1/k. Ve is @ new guaranteed upper bound
on the transient squared error. In contrast with the previous

= = = Prior transient bound
v Possible error path

v +B2 12
07 A New transient bound

~ Max steady-state error

0 Time —

Fig. 2. New transient error bounds. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Observer gain vs desired convergence time.

guarantee from Stotsky and Kolmanovsky (2002), the guarantee
given in Eq. (19) is less conservative in regards to both the
transient error bound and error convergence, and proves that
the error will always be decreasing. As with the previous
guarantee from Stotsky and Kolmanovsky (2002), the error con-
verges to the same steady-state error indicated by the grey
dashed line in Fig. 2, corresponding to maximum steady-state
error €2 .., = Bi /K. The guarantee given in Eq. (19) shows that
the transient error will converge to the acceptable error at a rate
equal to or faster than that determined by the gain x.
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3. Selection of observer gain

The result of the stability proof in Stotsky and Kolmanovsky
(2002), Eq. (6), intuitively suggests that a large observer gain, x, is
necessary to drive the estimated quantity close to the true value,
but does not clearly indicate how to intelligently select an
appropriate gain. On the other hand, the result in the previous
section, given by Eqgs. (18) and (19), provide an opportunity to
select the gain in a straightforward way. There are four factors
that will direct the choice of the gain value, including the
(1) convergence time, tgg, when the estimator reaches 98% of
the final steady-state value, (2) uncertainty in the measurement
of the variable y, Ay, (3) maximum rate of change, |X| ., of the
unsteady variable x to be estimated, and (4) allowable steady-
state estimation error. Based on these four factors, two lower
bounds for the observer gain will be derived, denoted #,, (based
on convergence time) and k. (based on measurement uncertainty,

Table 1
ECR estimator inputs and constants.
Inputs Constants
Wegr EGR flow (kg/min) k 1.35
Tegr EGR gas temperature (K) [ 1.005
Weomp Fresh air flow (kg/min) [ 0.7179
Teac CAC outlet temperature (K) Rim 0.287
Dim Intake pressure (kPa) Vim 1.3994
Tim Intake temperature (K) Vide 4.1297e—4m>
Pem Exhaust pressure (kPa) Va 0.067 m3
Teae Coolant temperature (K) Vivo 6.9530e —4 m>
VO Intake valve open time (CAD) Vim 0.04 m?
vC Intake valve close time (CAD) Veve 9.9703e—4 m>
EVC Exhaust valve close time (CAD)
N Engine speed (rpm)
N, IVC
inputs ECR
Estimator E_CR>
WCIImpJ Tcam ‘/Veng &
Tegn Pims Tims Pem
measurements
Fig. 6. Estimation scheme block diagram.
Controller : |Servo Valve
Power
> Amplifier + Actuator Piston
| Actuator
1

Hydraulic
Pump

Stock Engine Valvetrain Hardware —>

Fig. 7. Schematic of variable valve actuation system.

system dynamics, and acceptable steady-state error). Ultimately,
the gain chosen should satisfy

K = Max(Kty,Ke) (20)

as selecting the larger of the two gains will automatically satisfy
constraints defined by all three of the contributing factors, each of
which will be outlined in the following sections.

3.1. Convergence time

In order to be a useful control signal, the estimator error must
converge in a reasonable amount of time. Here, estimator con-
vergence is considered to occur when the estimator reaches 98%
of the final steady-state value, equal to four time constants, and
by inspection of Eq. (19), a guaranteed convergence time can be
defined as

4
tog =4T = — 21
98 = 21
Table 2
Observer gain selection for convergence time.
Speed (rpm) n=2 n=4 n=6 n=38 n=10
2300 16.667 8.333 5.556 4.167 3.333
1850 20 10 6.667 5 4
1000 25 1255 8.333 6.25 5
1200 30.833 15.417 10.278 7.708 6.167
1500 38.333 19.167 12.778 9.583 7.667
Table 3

Engine operating points.

Case Speed (rpm) Torque (ft Ibs)
1 2300 385
2 1850 300
3 1000 150
4 1200 400
5 1500 450
80 - - - - - - - -
= 1000rpm
70 —— 1200rpm ||
= 1500rpm
e 1850rpm
& 60 H
292 ——— 2300rpm
=
‘® 50 ]
o))
iel
ko] . . .
g increasing engine speed
8
9]
2
o
|
0 Il Il Il Il Il Il Il

1 2 3 4 5 6 7 8 9 10
Engine cycles, n [-]

Fig. 8. Relationship between gain and convergence time.
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which subsequently defines a lower limit for the observer gain:

Koy =

— (22)
tos

This relationship between the observer gain and convergence
time is illustrated in Fig. 3, which demonstrates that larger gains
are needed for shorter convergence times.

3.2. Measurement uncertainty, steady-state estimation error

A second major factor to consider when selecting a gain is the
uncertainty in measurements. Recall from Egs. (10) and (12), for
estimator stability, V must be negative definite

. B2
V<—xV+24 <0 (23)
K

and the following bound was put on the observer gain, x, from
Eq. (11):
x> Ba (24)

le]

where, from Eq. (8), in the worst case, By, may be defined as

B1A:\X\mM+K\Ay\ (25)
The constraint on the observer gain then becomes
‘X ‘ max
Ke > ——MaX_ (26)
°7 Je[-|Ay|

From this equation, the impact of the third and fourth contribut-
ing factors, system dynamics (i.e. |¥|,.) and the acceptable
steady-state error e, is also evident, and Fig. 4(a) illustrates the
relationship between the allowable steady-state error, the mea-
surement uncertainty, and the lower bound on the observer gain.
Each curve represents a different steady-state error, with

€ss1 < €552 < €553 27)

Each eg curve demonstrates the trade-off between measurement
uncertainty, Ay, and the required observer gain. For handling
larger uncertainties, larger gains are needed. Likewise, a larger
gain is needed when the estimator must perform with smaller
error. If there is a larger upper bound on |%|,... the curves also
shift to higher gains, as shown in Fig. 4(b). Returning to Eq. (20),
and based on the four factors discussed, the observer gain is
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® Case 1
700 } 4 Case?2 280
m Case 3
1 Saced 260
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Engine Speed [rpm]

Fig. 9. Intake manifold pressure. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

chosen to satisfy the following:

4 % max
K=max| Kg, > — ,Ke > ——— & 28
< fos tog ¢ ‘6‘55|—‘Ay| 8)

This method of determining a lower bound for the observer gain,
K, based on the four factors mentioned, is an analysis that, to the
author’s knowledge, has not been seen before for this particular
high-gain estimation strategy.

4. Application to ECR estimation in diesel engines with
flexible intake valve actuation

In a prior effort (Stricker et al., 2012), the author utilized the
high-gain observer (Egs. (2) and (3)) to estimate the effective
compression ratio of a diesel engine that uses flexible intake valve
actuation, a schematic of which is shown in Fig. 5. In that effort,
the estimator gain was selected in an ad hoc manner. In contrast,
the following sections will demonstrate the use of the gain
selection methodology outlined in Section 3. An additional
difference with the prior effort (Stricker et al., 2012) is that the

a
200 T T T T

190

180
170

160

150

Pim My

140

130
120

110

100 : : : :

200 T T T T

190

180

170

160
150

Pim My

140

130
120

110 « ~ s o .

100 i i i i
0 2 4 6 8 10

Time [s]

Fig. 10. System dynamics for Case 1: (a) Jump 1 and (b) Jump 2. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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estimator error convergence guarantees per Eq. (19) will be
compared to, and shown to be consistent with, the experimental
data.

4.1. High-gain observer applied to ECR estimation

The ECR estimation scheme uses intake manifold pressure
dynamics, given by

P,'m = %(We’gr’re‘gr‘kWcompTcac_WeTim) (29)
here Weomp and T, are the measured values of fresh air flow
through the compressor and the gas temperature of the fresh air
at the charge air cooler outlet (see Fig. 5). Exhaust gas recircula-
tion (EGR) flow, Wg, is determined using manifold pressures and
standard orifice flow equations, and Teg is the temperature of the
recirculated exhaust gases. R;, and y;,, are the gas constant and
ratio of specific heats of the air in the intake manifold, respec-
tively, both taken at ambient conditions. V;,, is the volume of the
intake manifold, considered to be the volume between the

a
150 T T T T

140

130 . » » :

120

Pim My

110

100

90

compressor outlet and the cylinders. T;, is the temperature in
the intake manifold.

Charge flow, W,, can be described by the speed-density
equation (Heywood, 1988):

1
W, = jpim”,y VdN (30)

where V; is the displacement volume of the engine, N is the
engine speed in revolutions per minute, and #, is the volumetric
efficiency. The gas density in the intake manifold, p;,, can be
written in terms of intake manifold temperature and pressure via
the ideal gas law. Charge flow is then written as

_ Dim
We =5 R T 1n,VaN 31

and the p;,, dynamic equation (Eq. (29)) can be written as

. . R: v .
Pim = L (W Togr + Weomp Teac)— 2Pim v, N 32)
Vim zvim

z, ¥y and x are chosen as follows:

Z=Dim (33)
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Fig. 11. System dynamics for Case 2: (a) Jump 1 and (b) Jump 2. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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R
y= yl‘r;—lm (Wengegr + Wcomp Teac) (34)
m
x=— 1Py N (35)
m

With these assignments, it is seen that Eq. (32) becomes exactly
the first-order system described by Eq. (1). Egs. (1) and (2) are
combined with Egs. (3) and (33)—(35) to arrive at an estimate for #,,:

A zvim(g_Kpim)

= 36)
v Vimpimde (
with ¢ dynamics given by:
. i Ri
&= szim —K&é+K yl‘m/J (WegrTegr +W compT cac) (37)
m

A physically based volumetric efficiency model previously developed
in Kocher, Koeberlein, Van Alstine, Stricker, and Shaver (2011) is then
employed to calculate the effective compression ratio, ECR. This
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Fig. 13. System dynamics for Case 4: (a) Jump 1 and (b) Jump 2. (For interpreta-

tion of the references to color in this figure legend, the reader is referred to the
web version of this article.)

model is given as follows:

Vi - ECR\* , ¢ c c
DPim (td‘c/ﬁ) Vivcﬁv —pemviuoﬁv _pem(vevc—vivo)ﬁp

n,= C,
pimvdﬁp

¥ pim(vtdc . ECR*Vivo)+1?Iﬁ(Twall*Tim)(SA) (38)
pimvd%

In the above equation, Vj,,, Veyc and Vj,. are the respective in-
cylinder combustion chamber volumes at the time the intake
valve opens, the time the exhaust valve opens, and the time the
intake valve closes, respectively. V4 is the in-cylinder volume
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Fig. 14. System dynamics for Case 5: (a) Jump 1 and (b) Jump 2. (For interpreta-

tion of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Table 4
ECR timing and transient test nomenclature.

Name IVC time (CAD) Test Step change from
vC1 510 Jump 1 IVC1 to IVC2
ve2 565 (nominal) Jump 2 IVC2 to IVC1




572

when the piston reaches top-dead-center. ¢, ¢, and R are specific
heats and gas constant of the gas in the intake manifold, and p,,,
is the exhaust manifold pressure, a stock measurement typically

Table 5

Observer gain selection.

K. Stricker et al. / Control Engineering Practice 21 (2013) 565-582

found on production diesel engines. The polytropic compression
coefficient, k, is taken to be 1.35, a typical value for direct-
injection diesel engines (Heywood, 1988). The heat transfer
coefficient, ht, is a function of engine speed (N), intake manifold
temperature and pressure (Tin, Pim)- SA is the integrated surface
area, and is a function of intake valve open and close time (IVO,
IVC), exhaust valve close time (EVC), and engine speed. The
temperature of the cylinder walls, T, is taken as the average
of the exhaust temperature (Te;) and the engine coolant tem-
perature (Tg;).

Once an estimate of volumetric efficiency is obtained via
Eq. (36), the effective compression ratio is solved for numeri-
cally using the model given in Eq. (38). Estimator inputs and
constants are listed in Table 1, as well as shown in a block
diagram of the estimation scheme in Fig. 6. As shown, the ECR
estimation scheme does not require in-cylinder pressure data and
uses only measurements readily available on production engines.
The overall estimation scheme is given by solving Egs. (36)-(38)
for ECR.
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5. Gain selection for ECR estimation

As noted previously, in Stricker et al. (2012) the estimator gain
had been selected via a “trial and error” strategy. In this section,
the gain is determined systematically via the gain selection
strategy presented in Section 3, following a short description
of the engine test bed.

5.1. Engine test bed

The experimental engine used to demonstrate the ECR estima-
tion and gain selection strategies is a 2008 Cummins ISB engine, a
schematic of which is shown in Fig. 5. The engine is a 6.7 L, 350
horsepower, in-line 6-cylinder direct-injection diesel engine with
a 17.3:1 geometric compression ratio. The engine cylinder head
has a 4-valve design, with two exhaust and two intake valves per
cylinder. The engine is also outfitted with a Bosch common rail
fuel injection system with multi-pulse injection capability, a
variable-geometry turbocharger and cooled exhaust gas recircu-
lation with an electronic EGR valve for control of fresh charge and
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Fig. 17. Uncertainty, convergence, ECR trade-off for Case 3: (a) ECR~ 18 and (b)
ECR ~ 14. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

EGR flow to the cylinder. Pressure measurements in the EGR loop
and standard orifice equations are used to determine EGR flow
on-engine, denoted by W in Fig. 5. The engine additionally has
stock sensors for intake and exhaust manifold pressures, used as
inputs to the estimation scheme.

CO, measurements in the intake and exhaust manifolds via
fast Cambustion CO/CO, emissions analyzers are also used with
fresh air flow via a laminar flow element (LFE) to determine a lab-
grade measurement of total charge flow (W¢omp+Weg). The LFE
measurement of fresh air flow through the compressor and
charge air cooler (Wcomp) effectively emulates a mass air flow
(MAF) sensor. A water-cooled in-cylinder pressure transducer is
also installed in the engine for cylinder pressure measurements,
from which the engine ECR data is calculated using the pressure-
based method described in Stricker et al. (2012), and is compared
to results from the ECR estimator. Using a dSpace data acquisition
system, engine data is sampled at 5 kHz, or every 0.2 ms, and the
ECR estimation scheme is implemented using this sampled
engine data.

The engine is also equipped with a fully flexible variable
valve actuation (VVA) system, manufactured by Team Corporation.
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The VVA system adds the capability to modify valve events,
including opening and closing times, lifts, and ramp rates, on a
cylinder-independent, cycle-to-cycle basis. In this study, the VVA
system is used to actuate pairs of intake valves; the exhaust valves
remain cam-driven in the conventional manner. A basic schematic
of the VVA system is shown in Fig. 7, and is operated as follows.
A hydraulic power supply sends high pressure hydraulic oil to a
servo valve, which shuttles the oil to one side of a piston actuator,
which in turn presses on an intake valve crosshead connecting
a pair of intake valves. Depending on which side of the piston
actuator the high pressure oil is on, the actuator moves up or down,
opening and closing the pair of intake valves.

For this application, five operating conditions, listed in
Tables 2 and 3, were chosen to illustrate the gain-selection process
and estimator convergence results. These operating conditions are
characteristic of those typically seen in practice for the engine
described in this section. In addition, the estimator gain selection
and convergence analysis strategies are generalizable, and as such can
be applied to any engine operating condition.
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5.2. Convergence time requirements for gain selection

When estimating the effective compression ratio, the observer
error is desired to converge within a certain number of engine
cycles, n, to be useful for closed-loop control. From Eq. (21), the
convergence time for this application is further defined as

2rev min 60s  120n

- les. 257 ROV
tog =n cycles cycle N revmin N

(39)

where N is the engine speed in revolutions per minute. When
combined with Eq. (22), this results in the following gain constraint:

4N

Koy = m (40)

This relationship between the observer gain and convergence time,
similar to that in Fig. 3, is shown in Fig. 8. Intuitively, shorter
convergence times require higher observer gains, and the gains
increase with increasing engine speed, as the time to complete an
engine cycle (and hence time for convergence) reduces with higher
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engine speeds. Table 2 lists observer gains calculated via Eq. (40) for
98% convergence within a selected number of engine cycles, n.

5.3. Error and uncertainty effects on gain selection

Table 1 includes a list of all sensor measurements used as
inputs to the estimation scheme. While each sensor inherently
has some uncertainty due to tolerance and noise, the largest
amount of uncertainty present in this application is from the EGR
flow measurement. As in practice, EGR flow is actually a calcula-
tion using pressure measurements in the EGR loop and standard
orifice equations. This model uncertainty tends to outweigh the
parametric uncertainties in relation to sensor tolerance and noise.
Hence, for this study, EGR flow uncertainty was selected as the
focus of this section. As such, the intake manifold pressure
dynamics from Eq. (32) become

. - R; V. D
P = LM (W e+ AW ogr) Tegr + WeompTeac)— APy N
Vim 2vim

where W is the true value for EGR flow and AW, is the
uncertainty in the measurement of EGR flow. Eq. (34) then
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becomes
V. R:
y+Ay= /"r;—_lm((wegr+AWegr)Tegr+WcompTcac) (42)
m
By inspection of Egs. (33), (35), and (42), ||, |e|, and Ay in
Eq. (26) are given by:
v _ d YimPim
% 1ax = SUD; i (—mandN (43)
N VideN
el = - i (44
e| ‘wv 1) 5y —Pin )
Ay = VimRinTesr 5y 45)
im
Substituting these into Eq. (26):
sup, i _Vimpimnyde
dt\ 2V
Ke > VN R (46)
_p yimVd >*imimAWT
‘(’11; My) 2Vim Pim Vim ( egr ng)
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For the system under consideration, intake manifold parameters
(Vim and 7;,,) and displacement volume (V;) are positive con-
stants, and engine speed (N) is slowly varying, so that Eq. (46)
reduces to:

d
SUPy| e (Pimy)
Ke > 7R 47)
|pim(77v7771/) *leﬁ A(Wengegr)‘

Fig. 9 displays the steady-state intake manifold pressure condi-
tions for each of the operating points, listed also in Table 3, while
Figs. 10-14 show the transient tests carried out, per Table 4, with
a smoothed data line plotted in red. The boxed area indicated by
the green boundary lines corresponds to the region considered
when calculating values of x. Table 5 also lists the upper bound on
x for each test and operating condition.

Figs. 15-19 demonstrate the trade-off between error, uncer-
tainty in EGR flow measurement, and required gain for this
particular application. Each curve indicates a desired error toler-
ance in the estimation of effective compression ratio. Blue lines,
for example, illustrates the relationship between the gain needed
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for the estimator to predict within 0.25 effective compression
ratio of the true value, given the amount of measurement
uncertainty in the system. If a larger error in effective compres-
sion ratio can be tolerated, then the gain may be decreased.
Conversely, in order to handle larger amounts of uncertainty,
higher gains are needed.

Note that these curves change not only for each operating
condition, but also depend on the effective compression ratio.
Based on this, the gain may change depending on operating
condition, or one gain may chosen to satisfy requirements at all
operating conditions.

As a conservative example, consider the system bounds
corresponding to Case 5, Jump 2, with 10% uncertainty in EGR
flow measurement, a typical error for the operating conditions
considered in this study. For the application of estimating
effective compression ratio, a reasonable error is assumed to be
0.5ECR. The authors in Modiyani et al. (2011) established a one-
to-one relationship between volumetric efficiency and effective
compression ratio, demonstrated in Fig. 20, and the correspond-
ing change in volumetric efficiency is 0.03. Combining this along
with the limits defined by engine operation and system dynamics
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(listed in Table 5), the observer gain is calculated using Eq. (47), as
shown in Eq. (48), and a gain of 93 results

404.5 (kPa/s)

2.0287kj/kgK-60s .
0.0067 m® . 2300 rme.l -0.036 (kg/min) - 366.9 K

Ke >

0.03 - 148 kPa

—92.3655"! (48)

Values of the observer gain calculated via Eq. (47) for the rest of
the cases are also listed in Table 5, each gain calculated to handle
up to 10% uncertainty in measurement of EGR flow. Also listed in
Table 5 are values for k.9g, assuming convergence was required
within 4 engine cycles (see Table 2). Comparing the values for x;gg
with those for k., the larger gain (rounded up) was chosen via
Eq. (20) and listed in the x column. As previously mentioned, the
selected gain automatically satisfies the conditions imposed by
the four factors of convergence time, system dynamics (i.e.
|%| .0 Measurement uncertainty, and allowable steady-state
error, per Eqgs. (40) and (47).

For this study, the gains listed in Table 5 are calculated off-line
and then implemented in subsequent tests. In practice, however,
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depending on the system and application, the gain may be
calculated and adjusted within a control loop.

6. Experimental results: convergence and robustness

Figs. 21-30 demonstrate the convergence of the estimator,
robust to EGR flow uncertainty. Each test uses the gains listed in
Table 5. For these convergence tests, at each of the five operating
points, the estimator was tested in steady-state for the two IVC
timings listed in Table 4. The estimator was initially off, and after
one second was turned on to test convergence in the worst case.
The actual effective compression ratio, calculated using lab-grade
in-cylinder pressure data, is plotted in blue in each subfigure (a),
with estimator performance in red, and the dashed black line
indicates the guaranteed convergence rate per Eq. (19), shown
again in Eq. (49) with variables specific to this application
included. The vertical green line in each of the figures indicates
the time equivalent of four engine cycles at the speed of each
operating point, and in all cases, the estimator converges well
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within four engine cycles.

[ (2o
V< |Vo— m "’l"z" d exp(—kt)
[ (] 2gm )
im r;éuzx d (49)

In subfigures (b), the convergence of the squared error is
shown in red, compared to the guaranteed rate in dashed black.
Again, the vertical green line indicates the 4-engine cycle time
span for each operating condition. In all cases, the error converges
to the acceptable steady-state error, shown in blue, well within
the desired time frame, and in many cases converges to an even
smaller error than that predicted by Eq. (49).
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7. The noise trade-off

In Sections 2 and 3, Lyapunov techniques were used to ensure
exponential stability of the estimator and provided insight on
selecting a reasonable lower bound for the observer gain to
ensure the estimator was robust to uncertainty in EGR flow
measurement while still converging to an acceptable ECR value
in a desired amount of time. The relationship between these
three, given by Eqgs. (40) and (47) and shown again here

sup;

d( )

ap;‘mm
Ke > — Ry,

Pim(1,—1,) —7de

o > AN

fs = 120n

K = max AWegrTegr)| (50)

indicates the trade-off that exists when determining how to select the
observer gain. Again, this relationship was illustrated in Figs. 8 and
15-19. As previously mentioned, if a larger error in effective
compression ratio can be tolerated, then the gain may be decreased.
Conversely, in order to handle larger amounts of uncertainty, higher
gains are needed. Additionally, by selecting the larger gain as directed
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by Eq. (50), all the gain constraints (convergence time, measurement
uncertainty, acceptable steady-state error) will be satisfied. The gain
cannot, however, be increased without limit.

For example, consider the gain trade-off for Case 1, Jump 1. If the
estimator was desired to handle up to 17% uncertainty in the
measurement of EGR flow, a higher gain would be needed, as shown
in Fig. 31. The required gain corresponding to 10% uncertainty for an
acceptable ECR error of 0.5 is indicated by the black square, while the
required gain corresponding to 17% uncertainty is marked with a
black circle. The estimator was re-tested for the transient step change
for this test (Case 1, Jump 1) with the corresponding increased gain
for handling 17% uncertainty. Fig. 32(a) shows the estimator perfor-
mance with the original gain, while Fig. 32(b) shows results with the
increased gain, corresponding to moving from the square to the circle
in Fig. 31. It is evident that the larger gain produces more noise in the
estimated ECR signal than might be acceptable for control purposes.
As such, there is a limit to how much the gain can be reasonably
increased to accommodate measurement uncertainty. Currently there
is no analytical tool to determine what this limit might be, and is an
area for future investigation.

8. Conclusions and future work

A more aggressive (i.e. less conservative) lower bound for the
error convergence rate of the high-gain input observer outlined in
Stotsky and Kolmanovsky (2002) was developed, and takes into
account the desired convergence time as well as measurement
uncertainty and acceptable steady-state error. A trade-off
between measurement uncertainty, acceptable error in effective
compression ratio, and observer gain was also characterized to
direct the selection of an appropriate gain value. These strategies
were demonstrated in practice for the estimation of the effective
compression ratio for IC engines incorporating flexible intake
valve closing time modulation.

The ECR estimation scheme developed in Stricker et al. (2012)
was analyzed for robustness to uncertainty in the EGR flow
measurement, and was shown to handle up to 10% EGR flow
uncertainty. In addition, the estimator was proven to exponen-
tially converge to an acceptable region of error in effective
compression ratio within a desired amount of time. The noise-
gain trade-off study in Section 7 indicated limitations to gain
increases for the purpose of handling uncertainty in EGR flow
measurements. While an analytical method for determining a
lower bound for the observer gain was presented, starting in
Section 3, no analytical tool currently exists for determining an
upper limit for the gain. An area for future work is investigating
the development of such a tool, which will be greatly beneficial
for implementation in control design.
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Appendix A

In the following section, the transient bound for the estimation
error given in Eq. (6) is shown. This proof was developed in
correspondence with Prof. [lya Kolmanovsky at the University of

Michigan. As a reminder, consider a first-order system:
Z=y+x (A1)

where z and y are measured or known, x is to be estimated. The
estimate of x is given by

X=Kz—¢ (A2)
where « is the observer gain and ¢ satisfies
&= —Ke+Ky+K’Z (A3)

To show % is a good approximation for x, consider the error

between the two, given by e as
e=X—X=KzZ—&—X (A4)

Taking the derivative of Eq. (A.4), together with Egs. (A.1)-(A.3),
yields
e=KZ—&—X=—Ke—X (A5)

For a physical system, the dynamics of the unknown variable
x may be bounded, that is, for some constant B; > 0:

sup, |x(t)| <B; (A.6)
Multiplying Eq. (A.5) by 2e yields
2eé = —2Ke’—2ex (A7)

Consider the last term in the above equation. The following
inequality holds true:

—2xe < |2xe| (A8)

Considering this along with the derivative of €2, Eq. (A.7) becomes

2
% =2eé = —2Ke*-2ex < —2Ke* + |2xe]

2
= % < —2ke*+ |2xe|

(A9)

Now a bound must be put on |2xe| in Eq. (A.9). Consider the
following. For any two real numbers u and w, and any real
number ¢ > 0, the following inequality holds:

(Ju|—clw}*=0 (A.10)
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Expanding this inequality and rearranging terms yields:
0 < (Jul—c|lw|)*= \u\ c\uw|—c\uw\+c2\w\2

= 0 <u?-2c|uw|+c*w?

= 2c|uw| < u® +c*w? (A11)
Solving for |uw| results in the following inequality:
uw| < ut cw?_u?ow?
2c 2¢  2c¢ 2
u?  cw?
= |uw| < et (A12)

In the context of the high-gain observer problem, make the
following assignments for:

u=x w=2e c:g (A.13)
Substituting these assignments into Eq. (A.12) yields
K 2
‘X(ze)‘ < i +<27>ﬁ—£+@
2
2
= [2xe| < ?+xe2 (A14)

Now Eq. (A.14) is substituted into Eq. (A.9) and the bound
given in Eq. (A.6) is included to yield

2
d(e ) < —2Ke? +|2xe| < —2xe? +B 1 4 ke?

d(e?) 2, Bt
27 < —Ke +7 (A15)
Separation of variables results in the following:
2 2 2
@ < —ke? + Bi K(E —B—12>
K
2
:L)z <—xdt (A16)
2
Both sides of this inequality are then integrated:
(A17)

2 "
/LB)z < / —Kdt:ln\ez——\ < —Kt+oy

To solve for e, the error between the estimate x and true value
X, the exponential of both sides is taken and rearranged as
follows:

B? B?
e? —K— < exp(—kxt+oq) = e’ —K— < oy exp(—kt)

/ B2
= |e(t)] < /o exp(—it)+ K—12

(A.18)
Solving for o, by considering initial conditions:
2 2
le(0)| < \/az exp(0) + B—lz \/oc2+ By (A.19)

Choosing |e(0)| = /a2, since /a; <4/ +B2 /K2, results in

o, =|e(0)]> =e(0? =e? (A20)
Thus, Eq. (A.18) becomes
BZ
le(®)| < \/ e exp(—kt)+ —; (A21)

Then it is easy to see that in Eq. (A.4), for t > 0, the error in
estimation of x becomes arbitrarily small for large x, and %
approaches x.

Consider also the case in which measurement uncertainty or
noise is included on signals y or z in the system given by Eq. (A.1).
For example, suppose

z = Ymeas X (A~22)
where Y. is defined as
Ymeas =y+Ay (A-23)

with y being the true value and Ay being the noise or uncertainty
in the measurement of the signal. The estimator design then
becomes

X=Kz—¢

& = —K&+KY meqs + K22
= —Ke+KY+AY)+K%2z

= —Ke+Ky+KAYy+ K’z (A.24)

Now consider the error between estimated and actual x:
e=X—X=Kz—&e—X (A.25)
Taking the derivative and including Eq. (A.24):
é=KZ—E—X

= Ky + KX+ Ke—Ky—KAy—K>z—xX

= —K%Z+ Ke+KX—X—KAy

(!

é = —Ke—X—KAy = —Ke—(X +KAy) (A.26)

Similar to Eq. (A.7), Eq. (A.26) is multiplied by 2e, and a bound
similar to Eq. (A.8) is applied, resulting in:

. d(e?)
Zee="gqr =

< —2Ke? +|2ex +KAy)|

= —2Ke*—2e(X + KAy)
(A.27)

where the last term can be bound following the same process
given by Egs. (A.10)- (A.14):

. 2
|2e(x +xAy)| < % +Ke? (A.28)
With this bound, Eq. (A.27) then becomes

2 : 2
de) _ 2 FHEAY)S (A29)

dt — K
Assigning an upper bound for system dynamics similar to
Eq. (A.6):

sup, |X +KkAy| <B4 (A.30)
with a worst-case value for By, given by

Bia = X pgn [ |AY| (A31)
the error dynamics in Eq. (A.29) become

de’) _ o Bl

Following the same steps laid out in Egs. (A.16)-(A.21), a
transient error bound is obtained:

d(e?) B?
a =°F ez_ﬁ

d(e?)

B\
2214
(e K2 )
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B2
e2_ 214

Kz < —Kt+O(1

2
e 2

/((;;</—Kdt=>ln
_£>

B? B?
ezfﬁ <exp(—Kt+o4) = ezf% <oy exp(—xt)

BZ
= |e(D)] </ exp(—xt)+
2

B? B
le(0)| < \/ocz exp(0)+%= \/a2+;:> let o =3

1
K
B2
= |e(t)] < |/ e exp(—Kt)+ ﬁ

and similar to Eq. (A.21), for large x, the estimation error becomes
small, but is now affected by the amount of measurement
uncertainty, Ay.

(A33)
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