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Abstract— This paper presents the design of transient cylin- The VVT system with variable camshafts allows flexible
der charge control, based on a cycle-averaged mean-value valve overlap, hence, enables high level of internal EGR
model for a turbocharged spark ignition direct injection en- (EGR), which, if there is no combustion stability problem,

gine equipped with intake and exhaust variable camshafts. ) L .
The control-oriented model, parameterized using dynamonter typically reduces fuel and NOx emissions.The benefits of

measurements, has demonstrated its capability of capturip the high level of iEGR for fuel consumption come with
engine static and dynamic behavior of throttled conditions well known problems associated with drivability [1], [2] or
The transient effects of throttling and variable valve timing  control of transient air charge. In order to ensure accurate
on the cylinder charge over part-load and lightly boosted 5, fast delivery of the demanded air charge, appropriate
conditions are first analyzed to investigate the dynamic irgr- L ' .
actions between the electronic throttle and the valve ovealp ConFrOI and Coordlrlatlon of the three actuators ar(.a reduoe
through variable camshafts. Given the much faster dynamics realized the benefits of these advanced automotive technolo
of an electronic throttle, a nonlinear feedforward and feedack gies. Therefore, various Computer Aided Control System
throttle compensator, in reference to its static set-poird, is Design (CACSD) methods, relying on control-oriented mod-
employed here to improve the transient response of cylinder g5 have peen applied to solve this problem. Literature tha

charge. It has been shown in simulation results that the dd th trol of iabl hafts for th trol
combined use of both compensators can considerably improve addresses the control or variable camshatts for the contro

transient engine performance. of transient torque response, such as [1] for a system with
mechanical throttle and [2] for one with electronic thrett
[. INTRODUCTION provides great insight into the coordination of the theottl

We present in this paper an effort to minimize the detriand the VVT system. I_-|owever_, the coordinated control of
mental effects of high levels of exhaust gas recirculatiof'€s€ three actuators in the air path system has not been
(EGR) in the drivability of a turbocharged Spark |gnition|nvest|gated for a turb_ocharggd engine. Appl|caple models
Direct Injection (SIDI) engine equipped with dual camOf turbocharged gasoline engines can be found in [3], [4],

phasing capability, as shown in Fig. 1. In such an engin[;5]’ [6]. Literature that addresses the control of wastegat
in gasoline applications, such as [7], [8] for a system with

mechanical throttle and [5] for one with electronic threttl
provides valuable insight into the coordination of the thieo
and the turbocharger wastegate. In parallel with the air-
path control loop, Air-to-Fuel Ratio (AFR) is regulated in
the fuel path using feedback information from an Exhaust
Gas Oxygen (EGO) sensor. Even though AFR regulation is
‘ not discussed in this paper, the closed-loop control of fuel
injection can be aided by the indirect air-charge estinmatio
approach developed here. Details of air charge estimaten v
an exhaust manifold pressure observer are discussed in [9]
and [10]. However, the effects of the VVT system and the
associated internal gas recirculation have not been éthyplic
studied by Bucklandtt al.
Fig. 1. Configuration of a turbocharged gasoline directdiige engine The selection of a performance variable is not as straight-
equipped with variable intake and exhaust camshafts forward because one has to take into account its ability to
represent the overall performance objectives (e.g., effay,
platform, the throttle, the turbocharger wastegate, amed themissions, drivability) and its ability to correlate withet
Variable Valve Timing (VVT) system are three actuatorsayailable measurements. This paper focus on improving the
in the air path system for the control of cylinder chargeyransient response of cylinder charge flow rate duringrtip-i
. . via the use of two compensators added on the base throttle
This work is funded by U.S. Department of Energy and RobersdBo si | The first t lled | t
LLC. gnal. The first compensator, called valve compensator,
D. Lee (huni@umich.edu) and A.G. Stefanopoulou (an-minimizes the deleterious effects of valve overlap changes
nastef@umich.edu) are with Mechanical Engineering Depamt in  on cylinder air flow. The second compensator, called pres-
the University of Michigan, Ann Arbor. L. Jiang (li.jiang@ubosch.com) ¢ difies the b thrott] . | by best
and H. Yilmaz (hakan.yilmaz@us.bosch.com) are with RoBedch LLC, su.r-e-compensa pr, modines the base throttle signal by bes
Farmington Hills. utilizing the available boost pressure. Therefore, thekwor
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presented here can be applied over part-load and lightlgtboo
operation conditions when the wastegate remains padsgive
control-oriented model for the target engine system is first
developed and parameterized with dynamometer measure-
ments collected over a wide range of operation conditions
and various gasoline-ethanol fuel blends. Developed based
on the model in [6], the engine model consists of a mean
value model to simulate the cycle-average behavior of the
air-path system and a discrete event model to capture the
particular behavior during each stroke (i.e., intake, com-
pression, combustion/expansion, exhaust). As presented i

a

Section Il, the parameterized engine model is able to predic ., ...,

the dynamic engine behavior with gasoline and ethanol fuels
up to E85 (85% ethanol and 15% gasoline in vqume)E
The static VVT scheduling scheme that take various engine
performance variables (e.g., efficiency, emission, cotidus
stability ) into consideration is described in Section IH.
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Section IV, the dynamic interaction between the throtti¥’hereéar andaz are polynomials irN andv. Fig. 3 shows

and the valve overlap and their transient effects on t

hr,gnatwcw can be modeled as a liner function pf, while

intake manifold pressure and cylinder charge is analyzef1 @nd a2 depend orN andv. It should be noted that the.
Then, the valve compensator is designed to improve tfpehavior of the VVT system in this turbocharged engine is
transient behaviors of cylinder charge during tip-ins witen MOre complex than what has been observed and documented
VVT system transits from one set-point position to other al! the Naturally Aspirated (NA) Spark Ignition (SI) engine.
commanded by the static VVT schedule. To further improv&S Shown in Fig. 3, when the intake manifold pressure is

the transient response of cylinder charge over high-lod@Wer than the atmosphere pressure (i < 1 bar), an
conditions, a pressure throttle compensator is introdiiced !ncreased valve overlap decreases the fresh charge flow rate

Section V. As shown in the simulation results, the combine the cylinders, which has been observed in the converitiona
use of the feedforward and feedback throttle compensate c¥f S! engine. However, when the intake manifold pressure
significantly improve the transient cylinder charge reggon S higher than the atmosphere pressure (pgs,> 1 bar),

Finally, summary of the current work and future work aré™ increased valve overlap increases the cylinder change flo

discussed in Section VI.

II. CONTROL-ORIENTED MODEL AND VALIDATION

This work develops a model on the basis of the one
presented in [6] that follows the principles of mass and
energy conservation and the Newton’s law for turbocharger
dynamics. The schematic in Fig. 2 shows the 7 states
namely, two states for the boost presspgeand temperature
Tp; two states for the intake manifold pressupg, and
temperatureliy,; two states for the exhaust manifold mass
Pex and temperaturele; one state for the turbocharger
connecting shaft rotational spelig. In this section, only the
modifications from the original model in [6] are discussed,
which are the modeling of cylinder charge flow rate (also
known as engine pumping rate) and the state reductior
of exhaust manifold temperature following an isothermal
assumption. For details of the model, please refer to [6].
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rate into the cylindeW, can be modeled as a function ofFig. 3. Cylinder pumping flowty versus intake manifold pressupn

intake manifold pressumam, engine speell, and intake an
exhaust valve overlap

WCY' :F(pimaNaV):al(NaV)pim+02(NaV)7 (1)

d with various intake and exhaust valve overlapat N = 2000 RPM.

Simulation results have suggested that the isothermal as-

sumption is acceptable for the modeling of exhaust manifold

IThe duty cycle of the turbocharger wastegate is set to zertaoits ~dynamics
opening is govern by the spring force, exhaust gas baclspresand boost dp@( _ RTex (W W ) (2)
pressure. dt Vg M Tewh



accuracy for both fuels: gasoline (EO) and fuel with 85%
volumetric ethanol content (E85). Validation of the tramgi . R
behavior during a step change in the throttle angle is showr time (sec) time (sec)

in Fig. 4 and 5 for EO and EB85, respectively. Fig. 5. Comparison between dynamometer measurement analmod

simulation for throttle step change with E85 fuel and a fixexbtegate duty
cycle at 0% at N = 2500 RPM; dynamometer engine inputs arepted in

whereR andVe denote the ideal gas constant and the exhaus
manifold volume, respectivelyTec = Tog is the blowdown & 3 W § 125
temperature which is modeled based on an ideal isochorit © s <
combustion of the injected fuel followed by an isotropic 6 8 10 12 6 8 10 12
expansion. The heat generated during combustion depenc _ * 108
on the low heating value and quantity of the injected fuel g 22 g m
[6]. § -2 o 095
The model has been parameterized using steady-stat 8 10 o 0T 8 10 12
dynamometer measurements for gasoline fuel from 800 RPN 45 1
up to 4500 RPM with various control set-points for throttle 2 + 5 uo.‘-fw
angle, wastegate duty cycle, fuel injection and spark angle -= 3_5—J/-"‘ 2
positions of Intake Valve Open (IVO) and Exhaust Valve — 5 I - 0 s ; I -
Closing (EVC), and fuel rail pressure. The parameterized o~ s 7
mean-value model captures the transients with reasonabl £ «s n i S'BI
565 éc 6
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o
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= - t - the first column and corresponding engine outputs (blueathsihes) are
S i " compared with simulation results (red solid lines) in theosel column.
Eol o 1.06 i

28 104 -uvumw"‘w’

6 8 10 12 6 8 10 12

40 A i 3 )
g = < o8 torque at high load [1]. Since the electronic throttle is the
c . e wop S o actuator that has the most control authority over cylinder
g : Y— 065;: S charge at part-load and lightly-boosted conditions, tlaicst

valve overlap is scheduled with respect to the throttle angl
In Fig. 6, the plots of the first and second row show
the steady-state cylinder charge flow raf%,;, and intake
manifold pressurepim, with respect to the throttle anglé,
at three valve overlap values(i.@.= 0, 40, 80 CAD). The
cylinder charge flow rate at different valve overlap values a
_f approximately same at low load withh < 20%. At medium
£ load with 20%< 6 < 40%, the cylinder charge flow rate
e (s00) e (s00) . decreases with an increased valve overlap. At high load with
Fo 4 C <on b d " 6 > 40%, however, the cylinder charge flow rate increases
Cimulaton for hrotle step change With £0 fuel and 5 Txedtagate dury Mt an increased valve overlap at a given throttle angle.
cycle at 0% at N = 2000 RPM; dynamometer engine inputs arepted in It is important to note that at low throttle valves, during
the first colu_mn and cc_)rresponding engin'e outputs (blueethsines) are  gmall downstream—to-upstream pressure I’@tiﬁ)/ Pos when
compared with simulation results (red solid lines) in theosel column. flow throuah the throttle body occurs at sonic conditions
g y ,
overlap does not affect the steady-state cylinder air flotv bu
Subplots of the first column in Fig. 4 and 5 show thet has detrimental effect as can be seen in Fig. 7. This zero
engine model inputs, and those of the second column dPC gain, yet strong transient influence of the overlap on
low a direct comparison between the predicted (red solitfow arises from the inlet manifold filling dynamics wighm,
lines) and measured engine outputs (blue dashed lines). &djusting to higher values as overlap increases as shown in
2000 RPM for EO both the measured and predicted outpufsg. 6 (second subplot).
show undershoots in the boost pressipig, and overshoot ~ Two overlap scheduling schemes, denotedggsandvair,
in the air flow rate through the compressdg;;. As shown are shown in the third subplot in Fig. 6. One scheduling
in in Fig. 5, the model also captures the undershoot in boostheme fowgy is derived to achieve maximum iEGR level
pressurepp, caused by a throttle angle change at 2500 RPMubject to stable combustion at low load and maximum
for E85. torque at high load; 1) near idle engine conditioifs <
20%), VVT overlap is scheduled to be zero for idle com-
. STATIC SCHEDULE OFVVT bustion stability 2) at high load€9(> 40%) near WOT, the
In this section, a static schedule for the intake and exhausterlap is set to be 80 CAD such thag, can be maximized,
valve overlap is proposed to achieve maximum iEGR and 3) for part loads, overlap is selected to achieve the
medium load, stable combustion at low load, and maximumaximum iEGR with a smooth transition betwegn= 0
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" to further simplify the engine model for the compensator

Fig. 6. Cylinder pumping flow raté\,; and intake manifold pressure design, the intake manifold is assumed to be isothermal so

pim With respect to throttle angle8 for various intake and exhaust valve that the state of intake manifold temperatu]'ﬁn, can be
overlapsv and corresponding VVT overlap scheduling schewmat N = eliminated

2000 RPM.
Pim = Kim (Wo —Wey1) , (3
such that first order dynamics can be used for the compen-
CAD andv = 80 CAD at the throttle range of 20% 6 <  sator design with the throttle air flow determined by
40%. Apart fromvgy, a reference valve overlap defined as
Vair in Fig. 6 is determined to maximize cylinder air flow rate Wy = 91(8, Po)92(Pim/ Po) (4)
given throttle angle. This desired maximum cylinder flow

rate W9 (black dashed line) is presented in the first plotwhere 01 = As(0) P
in Fig. 6. Based on the two different overlap schemg; VRTim L
andvy;, @ model-based throttle compensator that reduces the 2 (L)FI if Pim <y
deleterious effect of overlap changes on cylinder air floW wi yri\y+l o =€
be discussed in the next section. Q2= N2 o\ zl o
() - (3)7) e
IV. VALVE COMPENSATORDESIGN ! ° ° °

A valve compensator with an electronic throttle for a NAwith K;, = RTim/Vim: and Tim and Vi correspond to the in-
throttled engine is designed in [2] to remove or reduce the efake manifold pressure and volume, respectivalyf) indi-
fect of the VVT transients on the cylinder charged, in whichates effective cross section area ape: (2/(y+1))Y/ (-
employs 6, is employed as a virtual actuator. The effectgjenotes critical compression ratio, which draws a disitimct
of step changes in valve overlap on the cylinder charge floyetween sonic and subsonic flows. Additionally, the VVT
rate at throttle angles of 20% and 40% are simulated angtyator mechanism dynamics are modeled by
illustrated in Fig. 7. The valve overlap increase at lightly
boosted conditions whepim > 1 bar and 6y, = 40% leads \',ggr - 1 (Vegr —V‘;g) , Tyyr =0.09c. (5)
to the transition to an increased steady-state cylindemeha twr
flow rate, as observed in Fig. 3. The same step change lifere, the time constam{,t = 0.09sec is selected to capture
valve overlap at part load conditions whem, < 1 bar the VVT system dynamics at an engine speed for 2000 RPM.
and 6, = 20%, however, leads to the transitions with large The throttle angle is the primary control variable in a
overshoots and undershoots with no steady-state cylindeirbocharged engine for accomplishing the torque demanded
flow rate change. The valve compensator design, presenteyglithe driver at part load and lightly boosted conditionsteHe
in [2] for a NA engine, is modified here to compensate foB,,« is defined as the base throttle signal issued in response
these deleterious valve overlap transients. to a driver's torque demand. Then, a compensation angle
The compensator design also takes into account the fat is introduced in addition to the base throttle sigfigls
that the boost pressurgy, varies at different engine speedsin order to reduce the deleterious effects of valve overlap
and loads in a turbocharged engine. Here, the intake mdnifdransitions on the cylinder charge flow rate. At a fixed or
pressurepim, boost pressurpy, engine speebl, and overlap slowly varying engine speed, the compensation ajlés
v are considered available from measurements. Moreoveglected so that the effects of the valve overlap transition



on the change rate of the cylinder charge flow rW@A, is The nonlinear engine model with the adiabatic inlet man-
compensated and the associated cylinder charge flow raife)ds validated in Section Il is used for a comparison of the
Wi, matches as much as possible the desired steady-steytinder air charge flow rat¥y in the VVT turbocharged
cylinder charge flow ratel,vcfg,?, as a result of the static valve engine with and without the compensatiéhduring throttle
overlap schedulgy, for maximum torque. From (1), we get (load) step changes as shown in Fig. 9. All simulations are
ch| = (53—0\',1 Pim+ ﬁg—o\',z + a1 pim, hence the rate of change of performed under the assumption that the fuel injectors and
cylinder air rowWCyl (N,V"é‘gcﬁ) when the static valve overlap spark ignition are _contrqlled perfectly such thaF the emgin
schedule for optimized IEGRiy, is used is given by operates at st0|ch|orr_1etr|c AFR (14.6) and Maximum Brake
Torque (MBT) for a given cylinder charge flow rate. Throttle

W = a1(N, Vegr )Kim (91(Bbase + 6", Po)92(Pim/ Po) —Wey ) SteP changes are introduced while the engine sp¢dd
Cyl’Vegr (N, Vey) Im( (Bhace )Ge((Pim/ Po) Cyl) fixed at 2000 RPM and the static VVT schedulg, is
i day - oa; ot ©) selected on at the given throttle angle and engine speed. The
OVegr INVegr " OVegr INvegr ) 2" compensated throttle inp#t* is shown in the bottom plot

of Fig. 9 as the difference between the red dash-dot line and
the blue dotted line. The use of the compensated throttle
angle clearly improves the transient responsg&gf during
throttle step change at low loads (i.6ygse = 20% — 25%)

y accelerating the transition of cylinder charge flow rate
0 a new steady-state value. However, the load change as a
result of a change of the base throttle angle from 25% to

For details of static VVT scheduleg andvy, please refer
to Section 11l and Fig. 6.

It is desirable to have théy |, _ follow the the rate of
cylinder air flow rate associated to the “best torque” stati
Vair schedulel'vcw \V , when the overlap schedule is performe
infinitely slowly (vﬁr) so that it does not have any impact on

the transient torque responses 35% does not improve significantly. During the transition
W —\jydes _ of a base throttle from 35% to 45%, the compensated
o vE o throttle 6* does not improve, instead slightly deteriorates

K = _ \ndes the drivability due to a small overshoot in the transient
A1(N, Vair ) Kim (91(9base, Po)G2(Pim/ Po) —Wey )’ ™ response of cylinder charge flow rate. The poor performance

wherepinm is a fictitious reference manifold pressure derive®f the valve compensatd” at these conditions should be

only with the throttleByase and engine speeN, expected because there is in fact no valve overlap change
. . to compensate for. The valve compensafidris designed
Pim = Kim(91(6base; Po)92( Pim/ Po) — Weyt )- (8) to address the effects ofegr and thus can not contribute

_ M MWy . much whervjegr = 0. Note that the difference of steady-state
Based on the assumption th‘?ﬁ‘v@r = 3pim ‘Vair which  yalues o, between the compensated and uncompensated
can be verified from Fig. 6, it follows thatr;(N,vey) ~ throttle is introduced by the difference betweeg andvair

a1(N,vair) and Gl(N,Vegr)chl‘veg, = Ofl(N,Vair)chl‘Vajr = valve overlap schemes as discussed in Fig. 6. To achieve
al(N’Vajr)Wd%_ With these two approximations we can solvebetter cylinder charge transient response at high loadrars t
for 8* using (6)= (7) at high intake manifold pressure, a pressure compensator is
. - developed in the following section to address the limitatio
6" =g, (C1VEy +C2) — bhase, (9)  caused by the turbo lag.
dar(NVE) 9a2(NVE)
v Pim+ —a V. PRESSURECOMPENSATORDESIGN
where C; = — = = =
Kima1 (N, V&5 92( Pim/ Pb) . .
< In the previous section, a valve compensator has shown
= wgl(eba% Po)- its ability to compensate the effect of valve transition ba t
92(Pim/ Pb) transient response &y, especially at low load. However,
The block diagram for the throttle based compensator for ti$ high load, the compensator is no longer able to improve
VVT turbocharged engine is illustrated in Fig. 8. cylinder charge ratd\y transient performance as depicted
in Fig. 9. The primary limitation to achieve fast response
S of W at high load is not the valve overlap change but the
Valve Overlap | 6" delayed response of boost presspgealso known as Turbo
Compensator Lag. Moreover, the compensatidi is designed to mainly
cancel the effect of the overlap change using a disturbance
X WWT Schedule | o B term proportional to/ggr in (9) such that9* has little effect
& Mechanism . =
Oise & Engine 1 Pn when the overlap change is c_omplet@ = 0 To extend the
N Wy throttle compensator authority, a Proportional (P) feetba
controller, called pressure compensator, is designed

Fig. 8. Schematic diagram of VVT turbocharged engine withvera
compensator. q
P Otp = kp (Pinef— pim) ; (10)
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8of ‘ ‘ 7 overshoot during the transition & = 20% — 25%, and

{ l f achieve faster and smoother transition to steady statetht bo
6 = 25%— 35% andd = 35% — 45% transients. Compared
5 10 15 20 25 a0 3 40 45 50 55 to the valve compensation, the pressure compensation keeps
the throttle open for a longer time with bigger peak values
until the intake manifold pressure reaches the steady state
condition. A better understanding of the compensated syste
response can be obtained by investigating the boost peessur
pp and intake manifold pressumg, responses during step
changes shown in Fig. 12. Note that the pressure compen-
sator in addition to the valve compensator also achieves
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better transient behavior ¥, during tip-outs. The pressure
= - 40 p— ; compensator alone, however, does not achieve a comparable
24 zz A 45 o Wey transient behavior, which clearly indicates the necessity
(]
e i rmcd of both compensators.
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Fig. 9. Comparison of the throttle step cylinder air chargevftateW of 35 e 80 Sttt 160 ,{::\\\‘“"
VVT turbocharged engine without compensati@h (blue dotted lines) and 30 ,' 60 f 1‘2‘8 i
VVT turbocharged engine with compensation (red dash-ams); engine 25 pommmm! T Se— Toommm
speed is 2000 RPM, throttle is stepped@ge = 20 — 25% — 35% — 115 12x 125 13 17V18 185 19/1z5' 36 365 37
25% — 35% — 45% — 25% — 20%. 200 ; : e HAALL
% 1501 O Vo - = withe, +6
< 100t il prml Heeevithg,  +60,
_ ) ) _ z 507_____'1_';.‘\'_‘_;.] ) SO | - e S
where pd® is a desired intake manifold pressure at stead 5 107 15 20 25 a0 3% 40 45 50 55
state, which is determined using (1) 2 ~ T % "
1 oy [imm—— g Pt RS A
o = e (WS- aeNvan)). @D 2 o w7
al(N,Vajr) fg_'_"‘ R P a— (I—
i X . 115 12 ’\ 125 13 17' 18 185 19 35 36 36.5 3
Here, the desired cylinder air charge flow r&t€® can be 60 ; ; o Byase
simply extracted from the first plot in Fig. 6. For better ¢ o . e
. . . . . = 1N e e o e H - + 0+
implementation, a low pass filter with a time constant 0 < PO i e T N
; es i i ] ‘ ‘ ‘ s L gmm—
0.06 sec is used fqd%. The corresponding block diagram of A N T
the engine with the valve compensator for the valve overle,. time (sec)
adjustment and the pressure compensator for the desiigg 11. comparison of the throttle step cylinder air chaiger rate Wy,
pressure adjustment is shown in Fig. 10. of VVT turbocharged engine without compensatiéh (blue dotted lines),

VVT turbocharged engine with compensation (red dash-des) and VVT
turbocharged engine with compensation plus Proportionatroller (blue

|_> N6 dashed lines); engine speed is 2000 RPM, throttle is steppéghe = 20
L, Valve Overlap | 8' *~* B |  Pressure  fe—ttE — 25% — 35% — 25% — 35% — 45% — 25% — 20%.
Compensator Compensator
N Intake manifold pressur@in drives the cylinder charge
g schedule | v . PALS flow rateW,, after the valve overlap transition is completed.
O O Engine V‘; The pressure compensator generates a longer and wider
N A . . .. . .
— ——=> throttle opening during tip-ins such that the intake mddifo

) o _ _ pressurepim approaches the boost pressuig at a faster
Fig. 10.  Schematic diagram of VVT turbocharged engine witivey rate compared to the cases only with the valve compensa-
compensator and pressure compensator. . . . .
tion. Therefore, the fast transient behaviorgf, using the
. aggressive throttle opening can be only achieved when the
The cylinder charge flow ratéf, response for the valve poost pressure is relatively higher than the intake maahifol
compensated and the pressure compensated throttle sigh@ssure at the moment when the throttle step is applied.
is shown in Fig. 11. The pressure compensation controller
enhances th&\,; transient behavior for each throttle step VI. CONCLUSIONS ANDFUTURE WORKS
changes. It can be observed that the combined use ofThis paper presents a modification of the nonlinear mean
the valve and pressure compensators can eliminate smadllue model [6] of a turbocharged spark ignition flex-
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Fig. 12.  Comparison of the boost pressuysg and intake manifold
pressurepim of VVT turbocharged engine without compensation, with
throttle based compensation, and with throttle based cosgten plus
Proportional feedback controller.

(7]

(8]

fuel engine equipped with variable camshafts and eleatronil9]
throttle. Two static valve overlap schedules were deriad f
“best torque” and “best iIEGR” requirements. To improve the
transient behaviors of the cylinder charge air flow rate (di0]
torque) during throttle step changes, the valve compensato
and the pressure compensator have been introduced in the
air-path control loop. To reduce the disturbance of the VVT
change on cylinder charge flow rate, a nonlinear model-
based valve compensator was designed in addition to the
base throttle controller for the turbocharged engine. This
compensator improves the transient behavior of cylinder
charge flow rate, especially at low load. Due to the limited
capability of the compensator to achieve fast response of
cylinder flow rate at high load, a pressure compensation was
included for transient performance enhancement. The valve
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1

compensator and pressure compensator together showed a

considerable improvement with a more aggressive throttle
opening strategy resulting in longer and wider throttlerepe
ings compared to the throttle compensator alone.

In future work, we will focus on wastegate actuator to
address the boosted engine behavior. The wastegate and
associated exhaust flow dynamics can lead to more complex
interactions with throttle and VVT transitions. The adaiital
actuator of wastegate can lead to more complicated engine
system and careful system analysis, therefore, is required
New control structure needs to be designed based on the
engine system analysis. In addition, engine rotational dy-
namics should be considered to eliminate the fixed engine
speed assumption for more realistic application. Finally,
will implement the proposed control structure on a vehicle
and evaluate its robustness properties.



