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ABSTRACT In this paper, we develop an extended linear parameter-varying (LPV) model to design an
LPV controller for air path system control in diesel engines. The objective is to use a widely used and
accepted nonlinear diesel engine air path model, minimize simplifying assumptions on the model, and then
design a model-based gain scheduling controller to work in a wide range of engine operating points. To that
end, we transform the nonlinear model to linear parameter-varying form by defining state-dependent inputs
and scheduling parameters. Some of the defined state-dependent scheduling parameters are synthetic in the
sense that they are not obvious from the model and are created through algebraic operations. The control
law we design is parameter-dependent and allows a large range of operating points to be considered. The
robust performance of the controller (with respect to parametric uncertainties in the control design model)
under variable operating points (depending on engine speed, fuel flow rate, and intake-exhaust manifold
temperatures) is tested on simulations by tracking reference exhaust manifold pressure and compressor air
mass flow signals. Finally, the performance of the designed extended LPV controller is compared to an Ho
controller and to an LPV controller from the existing literature to see its superior performance under variable
operating points.

INDEX TERMS Diesel engines, air path control, gain-scheduling, LPV modeling, LPV control.

I. INTRODUCTION

Today a challenge for modern turbocharged diesel engines is
the satisfaction of emission legislations which are becoming
stricter with time. A turbocharged diesel engine with exhaust
gas recirculation (EGR) is shown schematically in Figure 1.
The environmental problem associated with diesel engines
is their high rate of particulate matter and NO, emissions.
Advanced control strategies are key solutions for reduc- Fan
tion of engine exhaust emissions. Among the control strate-
gies model-based control strategies are preferred thanks to
their potential of being optimal compared to other control
approaches. A number of model-based control development
studies appeared in the literature regarding air path regulation
in turbocharged diesel engines with EGR, which directly
affects emissions. In [1], Stefanopoulou et al. considered a
direct injected diesel engine with EGR and variable geome-
try turbine (VGT). A controller architecture consisting of a
combination of nonlinear feed-forward and gain-scheduled
multi-variable linear feedback controllers was used to coor-
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FIGURE 1. Diesel engine flow diagram. The subscripts “a”, “c”, “i","e"”
and “x” are used to represent ambient, compressor, intake manifold,

engine cylinder and exhaust manifold locations, respectively.

control the diesel engine air path where CLF was con-

dinate EGR and VGT actuators to achieve the maximum
utilization. Jankovic and Kolmanovsky [2] applied a control
Lyapunov function (CLF)-based nonlinear approach to

structed using input-output linearization of a reduced-order
diesel engine model. Plianos ef al. [3] used a nonlinear
control strategy based on property of flatness and dynamic
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feedback linearization to control the air path system in a
turbocharged engine with EGR. In [4], Rajamani consid-
ered a turbocharged diesel engine with EGR and VGT.
The applied control method is an observer-based nonlinear
feedback control approach. Air fuel ratio and burned gas
fraction in the intake manifold were key states to be con-
trolled and an observer based on flow and pressure sensor
measurements was developed for their real time estima-
tions and was used with the designed nonlinear controller.
Jung and Glover [5] present air path control in diesel
engines using a linear parameter-varying (LPV) approach.
A third-order, mean-value, nonlinear diesel engine model was
used. The model was transformed into a quasi-LPV form and
the scheduling parameter was taken to be intake manifold
pressure. The work of Wei and del Re [6] used LPV iden-
tification methods to identify a quasi-LPV model and used it
for air path regulation. In the recent work of Zhao et al. [7] an
explicit model predictive approach was used for air path con-
trol in the diesel engines, and in Yin et al. [8] a receding hori-
zon sliding control approach was used to solve the tracking
problem of the air path. Other closely related model predictive
control-based studies are by Liao-McPherson et al. [9] and by
Esteban and Dahl [10] where a model predictive control strat-
egy was used to maximize fuel economy while maintaining
drivability and reducing emissions, and by Hung et al. [11]
where a nonlinear model predictive control approach under
different constraint handling strategies is used for assessment
of the computation time and constraint violation.

Finally, as examples of other control methods in [12]
Zentner et al. presented a novel model-based approach for air-
path control based on cascaded control which is is applicable
to various types of air path configurations; in [13] Chauvin
and Jorde used a motion planning technique combined with
an observer and two inner loop controllers for regulation of
air path in diesel engines; in [14] Mohamed et al. used a
higher order adaptive sliding mode controller for engine air
path regulation. In the proposed controller, the super twisting
control algorithm which is well known for its ability to reduce
the so-called chattering phenomenon was used to minimize
actuator oscillations; in [15] and [16], the effects of dual EGR
and/or VGT loops and their control on engine emission are
studied.

In all the studies mentioned above, although great success
was obtained, still the designed control algorithms are not
general enough to be used in a wide range of engine operating
points. This is mainly due to the simplifying assumptions
made on the engine model during the control design phase.
First of all, in all studies, the manifold temperatures were
assumed to be constant, their values being the optimized
model tuning parameter values. Manifold temperatures may
be considered as slowly time-varying parameters in some
situations but there exist situations where they vary con-
siderably [17]. For example, exhaust gas temperature varies
considerably during engine operation when it goes through
different operating points, and intake manifold temperature
may not be stable for engines without an EGR cooler.
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In addition, in [1], linear controllers designed around sev-
eral operating points were scheduled. It is well known in
the literature that a scheduled set of controllers generally
lacks guarantee of stability [18]. In [3], the engine model
parameters, which also include constant manifold tempera-
tures as tuning parameters, were determined at a constant
engine speed of 1600 rpm and at a fueling rate of 7.2 kg/h, and
hence the model is accurate only around this operating point.
Furthermore, in [5] exhaust manifold pressure was assumed
to be 2.5 kPa greater than the intake manifold pressure
to reduce the number of scheduling parameters. Such an
assumption is very restrictive and it may hold only at some
steady-state points. In [6], although modeling of air path
system was done successfully by LPV identification for the
considered operating points, an identified model may not be
accurate enough when a wide range of operating points is
considered. The explicit model predictive control approach
used in [7] is a computationally demanding approach, and the
model predictive control approach used in [8] and [9] have to
assume constant scheduling parameters over the prediction
horizon, which can give suboptimal results. Moreover, in gen-
eral, the success of any model predictive approach requires a
very accurate prediction model over the prediction horizon,
which is not easy to obtain for diesel engine air path dynamics
when a wide range of engine operating points is considered.

In this paper, our contributions can be listed as follows:
(1) we use a widely accepted nonlinear mean-value diesel
engine air path model which was used in many studies
@in [2], [3], [5], [7], [19], and [20]) and minimize simpli-
fying assumptions on the model. L.e,, we use this nonlinear
model as a control design model. This is in contrast to other
studies ([2], [3], [5], [7], [19]) where the control models
are significantly simplified versions of this nonlinear model;
(2) we obtain an extended LPV model from the nonlinear air
path model and then using this model we design an LPV con-
troller (to be called accordingly “‘extended LPV controller’”)
for diesel engines to be used in variable operating conditions.
Other existing controllers developed in the literature work
for narrow engine operating points and their extension to a
wide range of operating points requires tuning of the model
and controller (or re-design of controller). This tuning or re-
design task is avoided in the presented control design;
(3) robustness of the developed extended LPV controller
against modeling uncertainties is tested, and the superior
performance of the designed controller is compared to perfor-
mances of an Hy, controller and an existing LPV controller
in the literature; (4) a simple guideline is presented on how to
use this widely used nonlinear air path model for the design
of an extended LPV controller for a given tubocharged engine
with EGR.

To design an extended LPV controller for variable oper-
ating conditions, first we take engine manifold temperatures
into account as time-varying parameters (scheduling param-
eters). This results in an improved engine control design
model and leads to the possibility of a better controller design.
To the best of our knowledge, manifold temperatures were
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assumed to be constant in all diesel engine air path control
system designs in the literature. This is partly due to the fact
that taking manifold temperatures as time-varying parameters
complicates the model and the subsequent controller design.
Second, no simplification on exhaust manifold pressure is
assumed, which is a nonlinear state in the used model. Finally,
engine speed is also taken as a scheduling parameter to sched-
ule the controller. The designed controller uses a modified
LPV control design framework where some state-dependent
synthetic scheduling parameters are created to have feasibil-
ity of the linear matrix inequality-based optimization problem
during controller design phase of the air path controller to
work in wide range of operating conditions.

The paper is organized as follows. In Section II, we present
the developed extended LPV model (extended to represent
a wide range of operating points) of the air path dynamics
for the considered diesel engine. Section III gives a short
introduction of the LPV-based control design method used
in this paper. In Section IV, we start with some comments on
the LPV modeling of diesel engines by pointing out important
points which are crucial during control design phase and
can help in other LPV applications. Next, in Section IV the
developed LPV model is used for designing an extended
LPV controller for air path regulation of turbocharged diesel
engines with EGR. The robust performance of the extended
LPV controller is shown through simulations. In Section V,
the performance of the extended LPV controller is com-
pared to an H,, controller and to the simplified LPV con-
troller from [5]. A simple guideline for the design of the
developed extended LPV controller for a given tubocharged
diesel engine with EGR is presented in Section VI. Lastly,
in Section VII, we conclude with the main findings of this
study and present some future work on this subject.

Il. LPV MODELING OF DIESEL ENGINES

Consider the schematic flow diagram of a typical tur-
bocharged diesel engine with EGR as shown in Figure 1
where temperatures, pressures, air mass flows and powers are
denoted by T, p, W and P, respectively. N and N, are engine
and turbocharger speeds, x, and x, are VGT vane and EGR
valve positions, varying between 0 and 1. Flow variables are
shown with a double subscript which shows the path from
the source to the sink location. All related system variables
and used abbreviations are described in the nomenclature
part in Appendix A. The dynamics describing the air path
system [2], [3], [5], [7], [19] is

. RT; T;
pi = Vi (WC! + Wy — Wle) + Pu (la)
. RT, Tx
Px = (Wie + Wf - Wy — Wxt) + —Px, (1b)
X T
. 1
P. = ;(—Pc—i—Pt). (1c)

Unless manifold temperatures change very rapidly, the con-

T;
tribution of the terms T —pi and px to p; and p, dynamics,
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respectively, are very small compared to the contributions
coming from other terms. As a result, these terms are
neglected as done in [2], [3], [5], [7], and [19]. However, note
that manifold temperatures are taken variable in the expres-
sions RVT L and RVTX to take into account manifold temperature
variations. The expressions for the air mass flows and power

variables are

Ne P, nvVaNpi
Wei = oxm Ve = Toopr
() - |
Pa
W, = Ar(xr)px 2& <1 _ &)’
RT Dx Dx

The term A, (effective EGR area) in the definition of W,; is a
quadratic function of x, and given by

Ar(x,) = —1.370135 x 10~%x2 4 3.156976 x 10~ *x,.

Since A,(x,) is a monotone increasing function for x, €
[0, 1], it is invertible. This allows us to determine x, uniquely
once A, is determined. The constants a,b,c,d in Wy,
the polynomial coefficients in A,, the values of volumetric,
compressor and turbine efficiency terms 7y, 1., n; and other
engine physical parameters were taken from [5] for the con-
sidered specific engine and for low-to-medium load-speed
signal range of New European Drive Cycle, which are given
in Appendix B.

To make controller design easier, we take u; := W,, and
up = W,; as modified inputs as done in [2], [3], and [19].
This is possible since the mappings x, — Wy, and x, — Wy;
are invertible. After inserting W,;, W;, and P; expressions

into (1), we get
P
(7) -
Pa

. T, -
Dx = llN%pi + LT Wy — LT g —
1

Pi = —k3Np; + k1 T; + ko Tiun, (2a)

LT, (2b)

. 1 - Pa "
P.=—P.+muT,(1—|— , (2¢)
T Px
where
R R V,
ky = e s k==, k3= v 7d ,
Vl-cp V,' 120Vi
V, R
l] = UVd, lz::—, mj ZZﬂ.
120V, Vi T
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Next, we define the time-varying parameters (scheduling
parameters)

1
p1 = —————, p2:=N, p3:=1—(pa/p)",
Pi/pa)" — 1 @
P Np;
ps = —, psi=—, pei=T; p7:= Tk,
Px Px
. 1
so that with m, := ——, we have
T
1 1P,
——P¢ = ———py = mpp4px,
T TP
T, Iy, Pi P17
LN —=p; = I} =N =p, = l| = pspx.
T; T; px 06
Then, (2) becomes
Di = —kapapi + ki1p1p6Pc + ka pgitz, (3a)
. P507 -~ -
px =1 pr + bpiWr — by — b7z,  (3b)
P = mypapy + myp3p7i. (3c)

System (3) can be written as

. —k3 02 0 k10106 ,
pi l1ps5p7 pi
pef= 0 —= 0 Px
Pe 0 my P4 0 Pe

0 k2 06 a 0
+ | —her  —hpm <~])+ bor | Wr. 4
73
mi p307 0 0

With the definitions x := [p; px Pcl”, wi= Wy, u == it ii2]”,
equation (4) can be expressed as

x = A(p)x + By(p)w + Bu(p)u,

where p := [p] - -+ p7]7 denotes the vector of time-varying
parameters in the system. Such dynamical systems are known
as linear parameter-varying systems. When the measured (y)
and controlled outputs (z) are considered, which will be intro-
duced later on, the system can be put in the form

x = A(p)x + By(p)w + Bu(p)u, (5a)
z = C(p)x + Do(p)w + Dyl p)u, (5b)
y= Cy(:o)x + Dyw(p)w + Dyu(p)u. (5¢)

There exists a large literature on control of such sys-
tems [21]-[25]. The approaches presented in [22]-[25]
require gridding of the scheduling parameter space, which
becomes computational very hard if the number of parameters
is large (for example, if more than three parameters). In this
study, the number of parameters is relatively large (seven),
and hence we will use the method of [21] which is for LPV
systems in rational form and which does not require gridding.
In the next section, the underlying LPV control theory of [21]
will be explained very shortly. The interested reader can find
more detailed information than presented here in [21] and the
references therein.
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lll. RECAP OF LPV CONTROL THEORY

A. THE LPV CONTROL PROBLEM

Consider the system (5) where the dependence on p
is assumed to be fractional in each term. We assume
Dyu(p) = 0. The scheduling parameter vector p can be
“pulled out” from the system such that the system of equa-
tions in (5) becomes

X = Ax + Bpp + Byw + Byu, (6a)
qg=Cgx+Dypp+Dyw~+Dgu and p=Agq, (6b)
2= Cx + Dypp + Dyyw + Dy, (6¢)
vy = Cyx + Dyyp + Dy,w + Dy,u, (6d)

where A := diag (p1ln,, p2lny. -+ + Pn,In,) for some posi-
tive integers ny, - - - , np, ¢ is the input signal to the A block,
and p is the output signal from the block. The A block can
be considered as a perturbation mapping for the plant. The
transformation of the system (5) to the system (6) is said to
be an LFR (linear fractional representation) form. The control
design problem is to find a controller K with state-space
equations

Xe = Acxe + chpc + Bcy, (7a)
qe = CqXe + DgepePe + Dgeyy  and pe = Acqe,  (7b)

u = Cyx¢c + Dyp.pc + Dyyy, (7¢0)
where A, = A is the controller scheduling function. The

plant with controller is shown in Figure 2.

For all admissible parameter trajectories p(t) € R"¢, the
closed-loop system is required to be stable and to guar-
antee the possible minimum £,-gain from the disturbance
channel w to the controlled output channel z (necessary for
minimization of the effect of disturbance w on the controlled
output z):

1zl
u
we Ly ,w#0 [wll>

®)

Here, the numerical value of y changes from system to
system and from disturbance channel to controlled output
channel. Rather than its numerical value, its minimization is
important. Note that the entries in the parameter vector p can

A o
p q
w G z
u Y
K
qc Pe
A, —

FIGURE 2. Scheduled LTI-plant with scheduled LTI-controller.
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always be normalized to p;s such that | p;(¢)| < 1 forallt > 0.
For the rest of the paper, we replace p with p and assume that
each parameter is bounded in magnitude by 1. With such a
parameter vector, we associate the “multiplier” sets

S
P={<SQT R):Q<0,S:—ST,R:—Q}

and

P_KST R).R>0,S_ ST.0= R}.

In general, multiplier sets are sets of variables used to
expresses system stability and performance as LMI condi-
tions. The multiplier matrices in the multiplier sets P and P
will constitute some of the linear matrix inequality (LMI)
variables in the LMI optimization-based formulation of the
LPV control design problem.

B. EXISTENCE CONDITIONS FOR THE

REQUIRED CONTROLLER

We now give sufficient conditions for the existence of a stabi-
lizing controller of the form (7) that guarantee the minimum
bound on the £;-gain from the disturbance to the controlled
output. In the statement of the theorem, for a given matrix M,
M denotes a basis for the orthogonal complement of the

image of M and the symbol x stands for B in < ;T 2)

and T MB. ~ N
ForP e P,Pe P, X =X e R"*andY = YT €
R™A&XNx et
o lolx!o
—— === =
o lPlolo
F = —1—-—=1—=1—-—,
x 1ololo
—— = ——] ==
010 l—yI
loly o
—— | — ===
01210 !0
hL=l-—-1—-=1=-=1—-—1,
Y : 0 : 0 : 0
—— === ==
0 : 0 : 0 :)/I
A B, By, —1I 0 0
Cq Dgp Dygw 0 —I 0
T T T
G = 0o I 0  Gy=— Bp qu sz
T T T
1 0O O A Cq C;
O 0 I 0 0 —1

Theorem 1 [21]: There exists a controller of the form (7)
such that the closed-loop system is stable for all possible
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parameter trajectories and the Ly-gain from w to z is less
than y if there exist P € P, P € P, X = XT e R*" gnd
Y = YT e R™*" such that

T T
(*)J_ * F1G1 Dyp *

WAL <0 (9a)

L >0 (9b)

(BT. D DT> Do | yI

I X >0 (9¢)

Proof: The lengthy and detailed steps of the proof can
be found in [21].

The controller is constructed from X, Y, the multipli-
ers P, P and from the system matrices. The controller con-
struction steps are also very lengthy and technical, and hence
are skipped here. The details can be found in [21].

IV. GAIN SCHEDULED AIR PATH CONTROL

A. COMMENTS ON LPV MODELING OF AIR PATH

SYSTEM IN DIESEL ENGINES

In LPV modeling of the diesel engine air path model given
by (2), the first thing to notice is that an LPV model could
be obtained with a smaller number of scheduling parameters.
For example, we could obtain an LPV model by just consid-

ering the five scheduling parameters N, W 1 -
(pa/px)*, T; and Ty. Therefore, the 1mmed1£1teaquest10n that
will arise is that why P./py and Np;/px were considered
as additional parameters so that the number of parameters
increased from five to seven. Before answering this question,
it is helpful to know that in design and real-time application
of LPV controllers it is better to have a small number of
scheduling parameters as much as possible. As the number
of scheduling parameters increases, from design perspective
the LPV control design LMIs “may”’ become infeasible since
the controller has to stabilize the system and give the desired
performance for all independent scheduling parameter tra-
jectories. From application perspective, the underlying con-
troller may require more sensors for the measurement of the
additional scheduling parameters or the requirements of more
observers if they should be estimated. Therefore, in general,
the objective is to have an LPV-model with a small number
of scheduling parameters.

In this study, for the above suggested LPV model with a
smaller number of five scheduling parameters the controller
existence conditions in (9) did not produce any feasible solu-
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tion. In fact, not only this selection of parameters but also
many other possible parameter selections either did not give a
feasible solution, or gave a feasible solution under very small
ranges for the considered scheduling parameters, and hence
the associated controller failed to work in variable operational
conditions. In the LPV model given by (3), note that the
selected extra scheduling parameters P./p, and Np;/p, are
not obvious at all from (2). Le., they were created ‘‘synthet-
ically”. Luckily, this set of scheduling parameters resulted
in a feasible solution for very wide ranges of the considered
parameters (see Section I'V-C) and subsequently a controller
working in a wide range of operating points and having
satisfactory results. Therefore, optimal scheduling parameter
selection brings an additional freedom in LPV-based control
systems [26]. In general, unfortunately, there is no method
to tell how to model a system in LPV form with a mini-
mum number of scheduling parameters so that satisfactory
results can be obtained from the designed LPV controller. The
only way is trial of different parameterizations of the system
(meaning different LPV models) until satisfactory results are
obtained. The fact that in LPV control design beforehand it is
impossible to know the best LPV model form is the weakness
of LPV control design paradigm (irrespective of which LPV
control design approach is used!). It is impossible to know
the best LPV model form because we solve a semi-definite
optimization problem (an LMI optimization problem) and the
LPV controller is constructed from the determined optimiza-
tion variables. As a result, without solving the optimization
problem, it is impossible to guess the best LPV model form.

Although we do not know how the LPV model form and the
conservatism of the corresponding designed LPV controller
are related, there is an implicit relation because for some LPV
models of the same system the corresponding LPV control
design LMIs are not feasible.

To summarize, although our created LPV model has much
more scheduling parameters, the resulting extended LPV con-
troller works in a wide range of operating points, which is
what we target for.

B. SELECTION OF CONTROL

PERFORMANCE VARIABLES

In diesel engines, the most directly emission-related variables
are air fuel ratio (AFR) and EGR fraction in the intake mani-
fold (EGRy), and they must be controlled by regulating them
to set points (shown below as variables with bars) which are
determined from the static engine data:

AFR = AFR(N, Wy), EGR; = EGR{(N, Wy).

Since it is not easy to measure AFR and EGRy, we will
transform the set points of these quantities into set points
of measurable variables, namely, among many possibilities,
to set points of compressor air mass flow W,; and exhaust
manifold pressure p,. As a result, the control problem will
boil down to the regulation of W,; and p.. Using the same
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lines as in [27] and the system equations (1), we obtain

Wel— — _
W = BN K arrKEGR, — EGRy

_ — ___\2 __
‘|‘\/(KAFRKEGR_/ — OéEGRf) + 4AFRKEGRf :|,

RT, W

Xxi

2A,pi

_ EGRy — _
Wi = We, Py=pi+

3

KEGR,

where K spg = AFR — 1, EEGRf =1- @f and « is the
stoichiometric ratio. The derivation steps were skipped due to
space limitation.

The current study does not involve controlling tur-
bocharger over-speeding because the model does not involve
the turbocharger speed as a state. The turbocharger over-
speeding either must be controlled through another control
loop using a different model, or as a partial remedy we can
find a relation (based on static engine data) between p,, W,;
and turbo speed to modify the reference set points for p,, W,
so that turbo speed will be taken into account indirectly and
tracking of these modified references will indirectly prevent
turbocharger over-speeding.

C. TESTING THE ROBUSTNESS OF THE EXTENDED

LPV CONTROLLER UNDER MODELING ERRORS

AND VARIABLE OPERATING POINTS

The LPV diesel engine model with variable manifold temper-
atures is

pi = —k3papi + k1 p1psPe + kapeitz, (10a)
. P57 - -

px =1 ?Px + bpiWr — hp7uy — bp7un, (10b)
P = mypapy + my p3p7i. (10c)

In this paper, we assume the following ranges for the engine
variables: p; € [103, 160]kPa, py € [105, 170]kPa, P, €
[150, 2000] W, N € [1000, 2500] rpm, 7; € [300, 350] K
and T, € [350, 700] K. As we see, the considered ranges
represent a wide range of operating points which can be
encountered during engine running.

The model in (10) is put in LFR framework for controller
design phase and we obtain A = diag(p1, p2, 03, P4, 05,
pelz, p7I2) where p;, i = 1 : 7 are parameters normalized
about the mean of each p;. Wy is taken as a disturbance
signal. As air path variables to be controlled, we choose
to track exhaust manifold pressure (p,) and compressor air
mass flow (W,;). As we discussed before, the operating points
giving minimal engine emissions can be represented by refer-
ence set points for these variables. The tracking configuration
is shown in Figure 3.

Note that the designed LPV controller is applied in an
anti-windup (AW) form, which is used to prevent degrada-
tion of control performance when control inputs (x, and x;)
are saturated. The AW method used is the one developed
in [28]. Using manifold pressures and exhaust temperature,
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DA
L]

AW-LPV

Controller Engine Model

€i

FIGURE 3. Closed-loop system with inversion mappings, AW and weights.

determined modified control inputs are inverted to obtain
VGT vane and EGR valve positions, which are then passed
through the saturation block to guarantee achievement of
physically meaningful control inputs (which are called real
process inputs). The possible negative effect of saturation
block is compensated by first inverting the the real process
inputs to obtain the corresponding modified real process
inputs and then feeding the difference between modified con-
trol inputs and modified real process inputs to the AW-LPV
controller. The AW-LPYV controller is also scheduled by p =
o1 - prlT.

Weight selection, which involves trial and error most of
the time, is an important task and strongly affects the perfor-
mance of the controller. Here three kinds of weights are used:
weights for disturbances, weights for tracking errors and
weights for control inputs. The disturbances are py,., Wei,,,
and Wy. Since the references Poes > Wa-mf are steps or slowly
varying signals, typically a low pass filter is preferred. Hence,
we chose the block low pass filter in Matlab-Simulink and
set its band frequency to 2. The weight for Wy, was set
to 1. The effect of other choices is negligible since Wy has
a small effect on the dynamics of the system. As to the
wights for tracking errors, this is the classical choice of an
integrator to minimize the integral of the tracking error but
since % can make the system unstable a small number 0.1
was added to the denominator. The coefficients of numera-
tors were increased until the tracking error was acceptable.
Input weights were chosen to be unity. If the frequency of
control inputs were very high, we would choose high pass
filters. However, that is not the case in this study. As a
result, we have the following transfer functions for the chosen
weights:

6.283

W :W L=, :l,

P We = $16.283 s
w300 _ 600
4T s+0.1° 27 s4010 T TR T
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The robustness aspect of the extended LPV controller
against modeling uncertainties will be tested against
uncertainties in the parameters 1., 1;, 17y, and 7. To that
end, we will assume that 7., 1, n, vary dynamically by 10%
around their nominal values (72, n%, n%) given in Appendix B
as follows:

ne(t) = 02 + 8, (On°
mi(t) = 0,0 + 8, (t)n?
m(t) = 00 + 8, ()0

and 10% static uncertainty in t (with respect to its nominal
value 7° in Appendix B) will be assumed:

=7+ 5-[‘[0.

The specific values of perturbation functions 6,,(¢), &, (1),
8y, (1), 87 will be given for each considered case below.

As to testing performance of extended LPV controller
under variable operating points, N, T;, T, will be taken as
variable over large intervals. In the provided simulations
below, both aspect will be tested simultaneously on a model
which has the specified parametric uncertainties and variable
operating points.

The order of designed extended LPV controller is seven
(three due to system states and four due to dynamic weights).
The achieved £;-gain (y*) is 217.5. Next, we consider two
case studies for the illustration of the robust performance of
the designed extended LPV controller. For both case stud-
ies, the initial conditions are p;(0) = 103 kPa, p,(0) =
109 kPa and P.(0) = 150 W. Since we do not have a test-
bed to test the designed controller experimentally, we show
the controlled system results through detailed simulations.
However, the nonlinear engine model we used in this
study is a widely accepted and common model used in
many of the mentioned references (for example, in [2], [3],
[51, [7], [19], and [20]). Hence, testing the robustness
of the designed controller together with this fact should
give confidence on the validity of the results presented in
this paper.

1) CASEI

In this case study, we consider the following uncertain-
ties: §,.(t) = 0.1sin(?), 8,,(t) = O0.1cos(?), §,,(t) =
0.05sin(¢f) + 0.05cos(¢), and §; = 0.1. For disturbance
input, scheduling parameters and set points, we assume
that fuel flow rate consists of one step, engine speed is a
sinusoid, manifold temperatures and p, — W, references
consist of three steps. These plots together with the cor-
responding control simulation results are shown through
Figure 4.

2) CASE II

In the second case study, we consider the following uncer-
tainties: 8,.(1) = 0.1cos(?), 8,,(t) = 0.1sin(@), §,,(¢) =
0.05cos(¢) — 0.05sin(t), and §; = —0.1. For disturbance
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FIGURE 4. First robust performance test case results: disturbance,
scheduling parameters, references, controlled outputs and control inputs.
(a) Fuel flow rate and engine speed. (b) Intake and exhaust manifold
temperatures. (c) Reference signals and the corresponding controlled

system response. (d) VGT vane and EGR valve positions.

input, scheduling parameters and set points, we assume
that fuel flow rate and manifold temperatures are sinusoids,
engine speed and p, — W,; references are multi-step signals.
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FIGURE 5. Second robust performance test case results: disturbance,
scheduling parameters, references, controlled outputs and control inputs.
(a) Fuel flow rate and engine speed. (b) Intake and exhaust manifold
temperatures. (c) Reference signals and the corresponding controlled
system response. (d) VGT vane and EGR valve positions.

These plots together with the corresponding control simula-
tion results are shown through Figure 5.

From the simulation results we see that the perfor-
mance of the LPV controller is satisfactory. The considered
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scheduling parameter ranges are wide enough to cover prac-
tical applications with variable operating points. The settling
time of the system under the AW-LPV controller is a little bit
high. This is due to the high range of temperature variables.
In the first case study, Figure 4(d) shows that AW is effec-
tive during t = 8s—10.1s (x, saturates), and in the second
case study Figure 5(d) shows that AW is effective during
t = 5.45—5.6s (x, saturates).

Note that in principle, Tj, Tx, N and other schedul-
ing parameters can vary freely in their specified ranges.
However, from physical considerations, this may not be
possible. In the diesel engine considered, the scheduling
parameters 7;, T, N (which are states for the real physical
system but for the constructed LPV model they are scheduling
parameters) have to be consistent with other engine states,
inputs, disturbances, etc. From control side, whether they
are chosen freely or mapped to other data is not impor-
tant unless they are out of the specified bounds. This is
the main paradigm and advantage of LPV-based control
strategies.

D. REMARKS
The following remarks are important.

o Although we assumed variable manifold temperatures
during LPV modeling and the subsequent extended LPV
controller design, for diesel engines with an EGR cooler,
intake manifold temperature is relatively stable since
the charge air cooler can cool down the compressed air
after the compressor and EGR cooler can cool the EGR
gas. In such cases the intake manifold temperature can
be taken as a constant model tuning parameter instead
of a scheduling parameter. However, for diesel engines
without EGR cooler intake manifold temperature varies
due to the effect of EGR and for such situations intake
manifold temperature should be taken as a scheduling
parameter.

« Since currently measuring exhaust temperature accu-
rately is not practical in diesel engines, for the applica-
tion of the proposed method exhaust temperature should
be estimated through an observer.

V. COMPARISON OF EXTENDED LPV CONTROLLER

TO OTHER CONTROLLERS

In this section, we will compare the superior performance
of the designed extended LPV controller to two types of
controllers: first to an Hy, controller to see the failure of
a linear controller under variable operating points, then to
an LPV controller developed in [S] where manifold tem-
peratures were assumed constant model tuning parameters,
px = pi + 2.5kPa assumption was done, and engine
speed was taken as a disturbance in the developed LPV
model.

A. COMPARISON TO H,, CONTROLLER
In this subsection, to appreciate the importance of air path
system control using an extended LPV control approach,
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we will compare performances of the extended LPV con-
troller under variable manifold temperatures and an H, con-
troller based on a linearized model of the engine around an
equilibrium point of the nonlinear engine model. The ranges
for the non-state scheduling parameters to the system are N €
[1000, 2500] rpm, T; € [300, 350] K and 7, € [350, 700] K.
To find an equilibrium point of the system we first choose
nominal values of these non-state scheduling parameters.
Here, we take Npom = 1750 rpm, 7;,,, = 325 K and
Ty,om = 525 K. The equilibrium values for the engine inputs
(modified inputs) and fuel flow rate are taken as Wy, =25 ¢,
Wi, = 10 g and Wy, = 1 g. The corresponding equilibrium
states are determined as p;, , = 125 kPa, py, y = 133.5 kPa and
P.,. = 823 W. The linearized model around the equilibrium

Ceq
points is
X = A% + Bil,
y = Cx + Du,
where
—17.58 0 453.22
A= 40.99 0 0 ,
0 0.18 —9.09
0 0 15.54
B =1 150.67 —150.67 —150.67
0 0.29 0
c 0 1 0 b 0 0 O
N (—3.09 0 104.95)’ “\0 0 o)
Pi _pieq Wf - erq
X = Px = Pxeq |, U= Wy — vateq s
Pc - Pccq Wxi - Wxicq
Px — Pxeq
~ Ne Pceq
=| w,—
y ci T <lﬁ>u _1
Pa

For the Hy, controller, the weight selection is the same as
in Section IV-C. The obtained L,-gain, y, is 1.0664. The
controller implementation is the same as before.

Next, we will consider a comparison case test. We will
assume that N, T; and T, vary far from their nominal values
and track set points for p, and W,; which are also far from
their equilibrium values. We take fuel flow rate and engine
speed as sinusoids, manifold temperatures as steps, and py
and W,; references consist of two steps. These plots together
with the corresponding control simulation results are shown
through Figure 6.

The comparison results in Figure 6 clearly illustrates that
H, controller does not work when N, T; and T, vary far
from their nominal values and/or when the reference set
points for the outputs are far from their equilibrium values.
As a conclusion, when a wide range of engine operating
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FIGURE 6. Comparison of extended LPV controller to an H, controller:
disturbance, scheduling parameters, references, controlled outputs and
control inputs. (a) Fuel flow rate and engine speed. (b) Intake and
exhaust manifold temperatures. (c) Reference signals and the
corresponding system responses from the two controllers.

(d) VGT vane and EGR valve positions.

points is considered, it is very possible that a linear controller
will not work. This implies the necessity of gain-scheduled
controllers for engine air path control.
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FIGURE 7. Performance comparison of designed extended LPV
controller in this study (LPVe ) with the simplified LPV controller
from [5] (LPVs).

B. COMPARISON TO ANOTHER

LPV CONTROLLER

Now we compare the performance of the designed extended
LPV controller to that of the LPV controller designed in [5]
where the following set of assumptions was done during LPV
controller design: (i) manifold temperatures were assumed
constant optimal model tuning parameters with the values
T; = 305K and 7, = 509K; (ii) engine speed was taken
as a disturbance; and (iii) py = p; + 2.5kPa assumption
was done to reduce the number of scheduling variables to
one: p;.

We compare the two controllers in a scenario of vari-
able operating points where the fuel flow rate and schedul-
ing parameters were chosen as Wy = 1 + 0.8cos(?) (g),
N = 2000 + 300sin(¢) (rpm), 7; = 320 + 20sin(10¢) (K)
and T, = 450 + 50sin(10¢) (K). The performances of
the two controllers are shown in Figure 7 where LPV,
means the ‘“extended” LPV controller designed in this
study and LPV; means the ‘“simplified” LPV controller
designed in [5].

From the comparison results in Figure 7 we see that LPV
is not robust to variable operating points due to manifold
temperature variations, engine speed variations or py =
pi + 2.5kPa assumption. In contrast, the performance of
LPV, is satisfactory. The main finding from the com-
parison done here is that an LPV controller with one
scheduling variable (p;) may not work properly in vari-
able operating conditions. Moreover, taking engine speed
as a disturbance degrades the performance of the LPV
controller, and hence it should also be considered as a
scheduling parameter as we did. Finally, the assumption of
px = pi + 2.5kPa may also degrade the LPV controller
performance.
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VI. A GUIDELINE FOR USE OF THE

PROPOSED METHOD

Given an arbitrary turbocharged diesel engine with
EGR, next we give a set of guideline steps for designing
the proposed extended LPV controller discussed in this
study.

Step1: Run the engine through multiple operating points so
that variable engine operating situations are covered. Collect
static turbine mass flow rate data and from these data calcu-
late a, b, ¢, d for W,;. This approach was also utilized in [5].

Step 2: Get the p;, p, and P, data either through direct
dynamic measurements of these variables when engine runs
through variable points or indirectly estimate them from other
measured variables. Then, optimize the model parameters
Nes e, My and T to fit the air path model to the above data.
It is better to calculate 75, n;, 7, and 7 through dynamic
measurements since these parameters have important effects
on the dynamic response of the air path model. If desired,
the volumes V;, V, and V; could be taken as additional tuning
variables with their initial values equal to the values of the
considered engine. Since in this case the total number of tun-
ing parameters increases, a sensitivity analysis can be done
before determining the set of important tuning parameters in
parameter optimization.

Step 3: Construct the extended LPV model and then design
the corresponding extended LPV controller developed in this
study.

VIl. CONCLUSION AND FUTURE WORK

In this paper, we considered the problem of controlling the
air path system in diesel engines using an extended linear
parameter-varying control approach by considering a general
nonlinear, mean-value engine model used extensively in the
literature. In the control design phase, typical simplifications
on the engine model and selection of a specific engine oper-
ating point were avoided. Moreover, manifold temperatures
were considered as time-varying parameters in addition to
the engine speed. Based on the developed high-fidelity LPV
model, an LPV controller was designed and its robust per-
formance was tested through detailed simulations. Finally,
a comparison of the performance of the developed extended
LPV controller was done with two other controllers: an Hyg
controller and an LPV controller from the literature. From
these comparisons, we clearly observe that the developed
controller is much more general to work better in variable
operating conditions.

In the control part, we considered volumetric, turbine and
compressor efficiencies as some optimal constant values.
Their modeling may be hard and even when this is pos-
sible, they should be considered as additional scheduling
parameters which may complicate the LPV controller design.
A better way will be interpreting them as uncertain parame-
ters and then applying a control approach for partly-measured
parameters in LPV systems [29], which is an LPV control
method which includes robustness property in its design
framework.
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APPENDIX A
NOMENCLATURE

Symbol \ Description

AFR Air fuel ratio

AW Anti-windup

EGR Exhaust gas recirculation

LFR Linear fractional representation

LMI Linear matrix inequality

LPV Linear parameter-varying

VGT Varibale geometry turbine

N Engine speed

Ny Turbocharger speed

i Intake manifold pressure

Do Exhaust manifold pressure

P, Compressor power

P, Turbine power

T; Intake manifold temperature

T, Exhaust manifold temperature

Ty Tubine vane position

x, EGR valve position

Wi Compressor mass flow rate

Wy Engine fuel flow rate

W Mass flow rate to the intake manifold

Wee Mass flow rate from the exhaust manifold

Wi EGR mass flow rate

Wt Turbine mass flow rate
APPENDIX B

DIESEL ENGINE MODEL PARAMETERS
The engine model parameters are shown in the Table 1.

TABLE 1. Engine model parameters.

[ Sym. [ Val [ Unit [ Descr. |
Vi 6x 1073 m’ intake manifold vol.
Ve 1x 1073 m’ exhaust manifold vol.
Va 2%x1073 m’ displacement vol.
Cp 1014.4 J/kg/K | specific heat at const. pres.
Cy 727.4 J/kg/K | specific heat at const. vol.
R 287 J/kg/K | gas constant (R = ¢, — ¢y)
Da 99.2 kPa ambient pres.
Te 302 K ambient temp.
Dref 101.3 kPa reference pres.
Trey 298 K reference temp.
ol 1.3936 - specific heat rat.
a -490.4/3600 | - -
b 633.7/3600 | - -
c,d 0.4, 0.6 - -
Ne,mt | 0.61,0.76 - compressor, turbine eff.
N 0.87 - volumetric eff.
REFERENCES

[1] A. G. Stefanopoulou, I. Kolmanovsky, and J. S. Freudenberg, *“Control
of variable geometry turbocharged diesel engines for reduced emissions,”
IEEE Trans. Control Syst. Technol., vol. 8, no. 4, pp. 733-745, Jul. 2000.

42175



IEEE Access

E. Atam: Advanced Air Path Control in Diesel Engines Accounting for Variable Operational Conditions

[2]

[3]

[4]

[5]

[6]

[71

[8

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

M. Jankovic and I. Kolmanovsky, “Constructive Lyapunov control design
for turbocharged diesel engines,” IEEE Trans. Control Syst. Technol.,
vol. 8, no. 2, pp. 288-299, Mar. 2000.

A. Plianos, A. Achir, R. Stobart, N. Langlois, and H. Chafouk, “Dynamic
feedback linearization based control synthesis of the turbocharged diesel
engine,” in Proc. Amer. Control Conf., New York, NY, USA, Jul. 2007,
pp. 4407-4412.

R. Rajamani, “Control of a variable-geometry turbocharged and waste-
gated diesel engine,” Proc. Inst. Mech. Eng. D, J. Automobile Eng.,
vol. 219, pp. 1361-1368, Nov. 2005.

M. Jung and K. Glover, “Calibratable linear parameter-varying control of
aturbocharged diesel engine,” IEEE Trans. Control Syst. Technol., vol. 14,
no. 1, pp. 45-62, Jan. 2006.

X. Wei and L. del Re, “Gain-scheduled Hy, control for air path systems of
diesel engines using LPV techniques,” IEEE Trans. Control Syst. Technol.,
vol. 15, no. 3, pp. 406-415, May 2007.

D. Zhao, C. Liu, R. Stobart, J. Deng, E. Winward, and G. Dong,
“An explicit model predictive control framework for turbocharged diesel
engines,” IEEE Trans. Ind. Electron., vol. 61, no. 7, pp. 3540-3552,
Jul. 2014.

L. Yin, G. Ingesson, R. Johansson, P. Tunestal, and J. K. Hedric, “Non-
linear air-path control of a heavy-duty diesel engine—A receding horizon
sliding control approach,” in Proc. Amer. Control Conf., Seattle, WA, USA,
May 2017, pp. 3619-3624.

D. Liao-McPherson, K. Shinhoon, B. Butts, and I. Kolmanovsky, “A cas-
caded economic model predictive control strategy for a diesel engine
using a non-uniform prediction horizon discretization,” in Proc. IEEE
Conf. Control Technol. Appl., Mauna Lani, HI, USA, Aug. 2017,
pp. 979-986.

E. R. Gelso and J. Dahl, “Air-path control of a heavy-duty EGR-VGT
diesel engine,” IFAC-PapersOnLine, vol. 49, no. 11, pp. 589-595, 2016.
M. Huang, H. Nakada, K. Butts, and I. Kolmanovsky, ‘“Nonlinear model
predictive control of a diesel engine air path: A comparison of constraint
handling and computational strategies,” IFAC-PapersOnLine, vol. 48,
no. 23, pp. 372-379, 2015.

S. Zentner, E. Schiifer, G. Fast, C. H. Onder, and L. Guzzella, ““A cascaded
control structure for air-path control of diesel engines,” Proc. Inst. Mech.
Eng. D, J. Automobile Eng., vol. 228, no. 7, pp. 799-817, 2014.

J. Chauvin, G. Corde, and N. Petit, “Transient control of a diesel engine
airpath,” in Proc. Amer. Control Conf., New York, NY, USA, Jul. 2007,
pp. 4394-4400.

G. Mohamed, S. A. Ali, and N. Langlois, “Adaptive super twisting con-
trol design for manufactured diesel engine air path,” Int. J. Adv. Manuf.
Technol., vol. 92, nos. 5-8, pp. 2379-2390, 2017.

G. Zamboni, S. Moggia, and M. Capobianco, “Effects of a dual-loop
exhaust gas recirculation system and variable nozzle turbine control on the
operating parameters of an automotive diesel engine,” Energies, vol. 10,
no. 1, p. 47, 2017.

S. Kim, S. Choi, and H. Jin, “Pressure model based coordinated control of
VGT and dual-loop EGR in a diesel engine air-path system,” Int. J. Autom.
Technol., vol. 17, no. 16, pp. 193-203, 2016.

U. Christen, K. J. Vantine, and N. Collings, “Event-based mean-value
modeling of DI diesel engines for controller design,” SAE Tech. Paper
2001-01-1242, 2001.

J. S. Shamma and M. Athans, “Gain scheduling: Potential hazards and
possible remedies,” IEEE Control Syst., vol. 12, no. 3, pp. 101-107,
Jun. 1992.

42176

(19]

(20]

(21]

(22]

(23]

[24]

[25]

[26]

(27]

(28]

(29]

M. Jankovic and I. V. Kolmanovsky, “Robust nonlinear controller for
turbocharged diesel engines,” in Proc. Amer. Control Conf., Philadelphia,
PA, USA, Jun. 1998, pp. 1389-1394.

E. Atam, “Gain-scheduled air path system control and compressor air mass
flow estimation in diesel engines,” Ph.D. dissertation, Dept. Mech. Eng.,
Bogazigi Univ., Istanbul, Turkey, 2010.

C. W. Scherer, ‘“‘Robust mixed control and linear parameter-varying control
with full block scalings,” in Advances in Linear Matrix Inequality Methods
in Control , S.-1. Niculescu and L. El Ghaoui, Eds. Philadelphia, PA, USA:
SIAM, 1999, pp. 187-207.

P. Apkarian and R. J. Adams, “Advanced gain-scheduling techniques for
uncertain systems,” IEEE Trans. Control Syst. Technol., vol. 6, no. 1,
pp. 21-32, Jan. 1998.

F. Wu, “Control of linear parameter-varying systems,” Ph.D. dissertation,
Dept. Mech. Eng., Univ. California, Berkeley, Berkeley, CA, USA, 1995.
R. E. Skelton, T. Iwasaki, and K. Grigoriadis, “A unified alge-
braic approach to linear control design,” Automatica, vol. 39, no. 11,
pp. 2014-2016, 2003.

P. Gahinet and P. Apkarian, “A linear matrix inequality approach to Huo
control,” Int. J. Robust Nonlinear Control, vol. 4, no. 4, pp. 421-448, 1994.
Y. Huang and A. Jadbabaie, “Nonlinear Hy, control: An enhanced
quasi-LPV approach,” in Proc. IFAC World Congr., Beijing, China,
Jul. 1999, pp. 2754-2759.

1. V. Kolmanovsky, P. Moraal, M. van Nieuwstadt, and A. Stefanopoulou,
“Issues in modeling and control of intake flow in variable geometry
turbocharged diesel engines,” in Proc. 18th IFIP Conf. Syst. Modeling
Optim., Detroit, MI, USA, Jul. 1997, pp. 1-9.

R. Hanus, M. Kinnaert, and J.-L. Henrotte, ““Conditioning technique, a
general anti-windup and bumpless transfer method,” Automatica, vol. 23,
no. 6, pp. 729-739, 1987.

J. Veenman and C. W. Scherer, “A synthesis framework for robust gain-
scheduling controllers,” Automatica, vol. 50, no. 11, pp. 2799-2812, 2014.

ERCAN ATAM received the Ph.D. degree in
mechanical engineering from Bogazi¢i Uni-
versity, Istanbul, Turkey in 2010. He was a
Post-Doctoral Researcher with LIMSI-CNRS,
Paris, France, from 2010 to 2012, where he was
involved on fluid flow control. From 2012 to
2015, he was a Post-Doctoral Researcher with
Katholieke Universiteit Leuven, Belgium, where
he was involved in modeling, control, and opti-
mization of energy-efficient buildings. Since 2015,

he has been an Independent Researcher supported by TUBITAK and affil-
iated with the Department of Industrial Engineering, Bogazi¢i University,
Istanbul, Turkey. His research interests include diesel engines, LPV control,
MPC, renewable energy, and optimization.

VOLUME 6, 2018



	INTRODUCTION
	LPV MODELING OF DIESEL ENGINES
	RECAP OF LPV CONTROL THEORY
	THE LPV CONTROL PROBLEM
	EXISTENCE CONDITIONS FOR THE REQUIRED CONTROLLER

	GAIN SCHEDULED AIR PATH CONTROL
	COMMENTS ON LPV MODELING OF AIR PATH SYSTEM IN DIESEL ENGINES
	SELECTION OF CONTROL PERFORMANCE VARIABLES
	TESTING THE ROBUSTNESS OF THE EXTENDED LPV CONTROLLER UNDER MODELING ERRORS AND VARIABLE OPERATING POINTS
	CASE I
	CASE II

	REMARKS

	COMPARISON OF EXTENDED LPV CONTROLLER TO OTHER CONTROLLERS
	COMPARISON TO H CONTROLLER
	COMPARISON TO ANOTHER LPV CONTROLLER

	A GUIDELINE FOR USE OF THE PROPOSED METHOD
	CONCLUSION AND FUTURE WORK
	REFERENCES
	Biographies
	ERCAN ATAM


