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Controlling Air and Burned Gas Masses of Turbocharged VVT SI
Engines

Thomas Leroy, Jonathan Chauvin and Nicolas Petit

Abstract— In this paper, we propose a strategy to control the
in-cylinder air and burned gas masses inside the combustion
chambers of turbocharged VVT SI engines. We coordinate ex-
isting low-level controllers acting separately on the throttle, the
waste gate and on the VVT actuators. Coordination is obtained
by updating the set points based on real-time measurements.
The objective is to improve transients response. The effect of the
implicit feedback loop is analyzed by the small-gain theorem.

I. INTRODUCTION AND MOTIVATIONS

The ever increasing European demands on fuel consump-
tion and pollutant emissions reduction have lead to a sophis-
tication of engine concepts and associated control technolo-
gies. Lately, downsizing (reduction of the engine size) has
appeared as a major way to achieve those requirements for
spark ignition (SI) engines. As was shown in [1] and [2], such
downsized engines can reach high levels of performance and
driveability, provided they are equipped with direct injection,
turbocharger and Variable Valve Timing (VVT) actuators.
Such a setup is represented in Figure 1. The cylinders are fed
with fresh air from the throttle which is located downstream
a compressor. The compressor is powered by the turbine
located downstream the exhaust manifold. Indirectly, the
waste gate controls the compression rate. VVT actuators
impact on the timing of the intake and exhaust phases.
Finally, combustion of the injected fuel takes place in the
cylinders.

One essential task of engine control systems consists of
managing the torque produced by the combustion according
to the driver’s requests. On SI engines, torque is controlled
by managing the air mass aspirated into the cylinders, while
keeping the Air/Fuel Ratio (AFR) close to the stoichiometric
value to minimize exhaust (hydrocarbons, HC, nitrogen
oxides, NO,., and carbon monoxides, CO) emissions [3]. In
turn, the in-cylinder air mass is controlled as follows. On
conventional (fixed valve timing) engines, it is controlled by
the throttle and the waste gate. By contrast, on variable valve
timing engines, VVT actuators modify the in-cylinder com-
position by creating an Internal Exhaust Gas Recirculation
(IEGR). Under partial engine load conditions, this permits to
significantly increase the overall engine efficiency (mostly,
by reducing pumping losses and NO,, emissions [4]). Under
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Fig. 1. Engine scheme. Intake manifold pressure and temperature, P, and
Tm, are measured by sensors. ®; and ®. are VVT actuators positions.

high engine load conditions, VVT actuators can be used
to increase the air scavenging to improve the combustion
efficiency [1].

VVT actuators possess undebatable advantages in terms
of combustion efficiency. However, analysis of the IEGR
shows that it has some interaction with the slow intake
manifold filling dynamics, which can cause unacceptable
engine performance [5].

To compensate VVT actuators side effects, many authors
have proposed transient control strategies. In [6], the authors
present a dynamic camshaft scheduling based on throttle
position and engine speed, to obtain a torque response similar
to a fixed valve timing engine. Another point of view can
be considered. In [7], [8] or [9], VVT actuators are seen
as a disturbance for the in-cylinder air mass control. This
disturbance is taken into account in the throttle control
strategy. In these papers, valve timing devices are seen as
a static function of the engine operating point. They are not
used to reach any control objective.

In an attempt to move forward in the direction of combus-
tion control, we propose to use the VVT actuators to control
the in-cylinder burned gas mass. Compared to the previously
mentioned studies, this represents an extra control objective.
We control the in-cylinder gas masses (both air and burned
gas), according to the VVT/intake manifold pressure model
introduced in [10].

In details, we proceed as follows. Consider a tur-
bocharged VVT SI engine, whose control system in-
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cludes a low-level intake manifold pressure controller and
a low-level VVT controller. Such controllers are exposed
in [9], [8], [6], [11], [12], [13], [14]. In closed-loop, the
intake manifold subsystem and the VVT subsystem have
varying performance (mainly speed of convergence) over
the whole engine conditions range. Their responses can be
considered as moderately fast to slow, and, at occasions, they
can outperform each other.

Our primary control objective is the in-cylinder air mass.
Our secondary control objective is the in-cylinder burned
gas mass. The strategy we propose aims at coordinating
the two low-level control subsystems to improve the overall
performance. When VVT actuators are slow, it is possible
to adjust the intake manifold set point to speed-up the air
feeding process. Conversely, under turbocharging conditions,
one may wish to use the VVT to compensate the slow
response of the intake manifold pressure due to the turbo-lag.

Preliminarily, we focus on atmospheric conditions. Explic-
itly, we compute set points for the two low-level controllers,
based on real-time measurements of the intake manifold
pressure and the VVT actuators positions. The induced
feedback loop can be analyzed by the small-gain theorem.

The paper is organized as follows. In Section II, we present
a model of the in-cylinder gas masses. Section III exposes the
control strategy. We study the closed-loop behavior in Sec-
tion IV. In Section V, we report experimental results. Finally,
we conclude and give future directions in Section VI.

II. MODELING
A. Model definition

Consider the airpath of a turbocharged SI engine equipped
with intake throttle, waste gate and dual independent VVT
actuators as depicted in Figure 1. Notations are given in
Table I.

TABLE I
NOMENCLATURE

Symbol Description Unit
e Intake valve closing deg
evc Exhaust valve closing deg
Mair In-cylinder air mass kg
Mpg In-cylinder burned gas mass kg

A Number of crankshaft revolutions rpm
OF Overlap factor m? - deg
P, Intake manifold pressure Pa
R Ideal gas constant J/kg/K
Ty Torque Nm
T Intake manifold temperature K
Vive In-cylinder volume at ivc m3
Veve In-cylinder volume at evc m3
Vi Intake manifold volume m3
D, Intake valve timing actuator position deg
[ Exhaust valve timing actuator position deg

To estimate the in-cylinder air and burned gas masses, we
use the model presented in [10]

Mbg = 025 + a3Vewe (1a)
P,
Mair = alRTm‘/ivc — Mg (1b)
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where a1, as and a3 are known functions of P, and N,.
Vive 1s the cylinder volume at intake valve closing (ivc). It
is a function of intake valve timing, ®;. Similarly, Vg, is
the cylinder volume at exhaust valve closing (ewvc). It is a
function of exhaust valve timing, ®.. At last, the overlap
factor (OF) [15] is a function of both intake and exhaust
valve timings, ®, and ®..

In-cylinder air mass model (1a)-(1b) has been identified on
experimental engine test-bench measurements. By contrast
with the in-cylinder air mass, experimentally burned gas rates
are almost impossible to measure. However, a qualitative
model (providing accurate estimates of the major trends) will
appear sufficient for control purposes. The first term of the
right-hand side of equation (la) represents the burned gases
flowing back to the intake pipe (back-flow phenomenon). It
is a function of OF. The second term in the right-hand side
stands for the amount of gases remaining in the cylinder from
one cycle to the next. It is function of V..

B. Model properties

Let Qp, = [@i;ﬁi} be the set of feasible intake VVT
actuator positions. Let Q¢, = [Qe;5e] be the set of
feasible exhaust VVT actuator positions. Let €2, be the set
of considered intake manifold pressure. Let €2,;,. be the set
of feasible air mass, and, finally, (2;, be the set of feasible
burned gas mass.

We note f: Q) X Qa, X Qo, — Qg and g : ), X Qg X
Qg — Qg such that

A

{ Meir =

A

Mpg =

Due to the structure of «y, as, as, OF, V.. and V..
as functions of P,,, ®;, ®., the three following partial

inversibility assumptions hold (variables structures are given
in [10]).

f(Prm q)iv ¢6)
g(P”rna (Dia (DG)

Assumption 1. For all (®;,®.,muir) € o, X Na, X
Qqir, there exists a unique P, € €, such that
f(Pm»(I)ivcbe) = Mgir.

Assumption 2. For all (Pp,, ®c,mp,) € Qp x Qo, X
Qyg, there exists a unique ®; € R such that
g(Pma ¢ia (I)e) = mbg'

Assumption 3. For all (P, ®;,mp,) € Q, X Qp, X
Qyg, there exists a unigue ®. € R such that
G(Pp, ©;, P.) = mypy.

From the above assumptions, (partial) inverse functions
of f and g can be defined. We note quil,(be D Qair — Qp,

g;i_q)e : Qpg — Qo, and g;i ®, " Qpg — Qo_, defined by
the following relations for (P, ®;, ®.) € 2, x Qp, X Qo

Mair :f(Pm = fq;l’éc (lrnair); (I)ia (I)e) (23)
Mg =g(Prm, ®i = gp" 4. (Mag), Pe) (2b)
myg = g(Pma (I)ia o, = g;:“(pi (mbg)) (2¢)

In practice, VVT actuators can only admit bounded values.
The inversion formula used in (2b) and (2¢) may produce
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infeasible values that need to be saturated before they can
be used as input signals to the VVT control system. This
point is addressed in the next section.

III. IN-CYLINDER MASSES CONTROL STRATEGY

Our control objective is to track set points for the in-
cylinder air and burned gas masses. While the air-mass is
an usual objective, because its value directly determines the
produced torque, the in-cylinder burned gas mass has hardly
been considered as a control objective before. Certainly, the
in-cylinder burned gas mass is equivalent, at steady-state,
to some VVT actuators positions. Yet, during transients,
it seems unrelevant to give VVT actuators some precise
positions based on static look-up tables which implicitly
assume the system is at rest. Our point-of-view is that, during
these transient phases, the actual control objective should be
the in-cylinder burned gas mass, which directly impacts on
the combustion, and on pollutant emissions.

A. Control scheme

!

Tsp Static ) P | Pressure B P
q In-cylinder > controller [~~'m
masses | ®F D,

Static controller [ ¢ VVT =

map i controller |1, ¢,

Fig. 2. Airpath control structure. Block A contains the contribution of the
paper. Blocks B and C are the low-level pressure and VVT controllers.

Our contribution fits in the global airpath control scheme
pictured in Figure 2. It is contained in block A which
feeds two low-level controllers, the intake manifold pressure
controller in block B and the VVT controller in block C.
From 777, a torque requested by the driver through the
accelerator pedal, static look-up tables are used to compute
in-cylinder masses set points, m,;, and m;?. Physically,
air and burned gas masses depend on the intake manifold
pressure and the phasing of the distribution, i.e. the VVT
actuators positions (see model (1a)-(1b)). Block A computes
corresponding intake manifold pressure and VVT set points,
PP &P and ®:P. The closed-loops (from block B to A and

from block C to A) feedback the current values of the intake
manifold pressure and the VVT positions.

B. Controller design

We now give an explicit procedure to compute both intake
manifold pressure and VVT actuators positions set points in
order to reach the desired amounts of in-cylinder air and
burned gases.

The in-cylinder masses set points, m.7, and m;", are
turned into physical variables set points on interest : an
intake manifold pressure, PP, an intake VVT actuator
position, @fp , and an exhaust VVT actuator position, ®5P. To
maximize the overall airpath control performance, in terms
of in-cylinder masses tracking, a close-up analysis of the
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intake pressure and VVT low-level closed-loop response is
necessary.

1) Intake pressure dynamics (block B): The intake man-
ifold pressure satisfies a first order (slow filling) dynamics,
derived from a balance equation in the intake manifold [3].
Under atmospheric conditions, although the pressure control
is achieved thanks to the throttle which is fast, tracking of the
pressure trajectory is limited by the boundedness of the air
flow velocity. Under turbocharging conditions, even though
the actuation structure changes (throttle is replaced by the
waste gate), the intake pressure dynamics is limited by the
turbocharger inertia. In summary, relatively slow responses
must be expected from closed-loop controllers of the intake
pressure dynamics (this point is supported in [11], [12]).

2) VVT dynamics (block C): Valve timings updates have
an immediate effect on in-cylinder composition. These are
obtained thanks to the VVT actuators which are elec-
tronically controlled hydraulic actuators. Their dynamics
highly depend on internal oil pressure and temperature
(see [13], [14]), which can affect the tracking of desired set
points. These unknown disturbances slow-down the closed-
loop response in a possibly unexpected way.

3) Control strategy: We propose to use the inverse model
derived in Section II-B to compute set points for the low-
level controllers. To account for the previously discussed
slow responses of the corresponding subsystems, we co-
ordinate them by replacing target set points by real-time
measurements. Among the numerous possible solutions, we
choose a technique which tries to satisfy both in-cylinder air
mass and in-cylinder burned gas mass objectives.

Our primary control objective is the in-cylinder air mass
because it directly impacts on the produced torque and the
AFR. By comparison with intake manifold pressure, VVT
actuators have limited effect on fresh air charge. Therefore,
we use the intake manifold pressure as control variable for
air mass control. From an in-cylinder air mass set point, we
compute a pressure set point, PP, using equation (2a). In
this formula, we use VVT actuators positions measurements.
This gives

Pl = fare. (M) 3)

From (2a), it is obvious that (3) satisfies the primary control
objective.

Our secondary control objective is the in-cylinder burned
gas mass. The two remaining control variables are the VVT
actuators. The burned gas system is over-actuated. First,
we determine the intake valve timing, ®;, as a function
(h : Quir — Qo,) of the input m)? . Look-up tables
obtained for engine energetic optimization studies are used.
Then, exhaust valve timing, ®., remains as possible control
variable for the burned gas mass control. Its set point ®2P is
computed from in-cylinder burned gas mass set point. Again,
to coordinate the two control subsystems and maximize
speed of transient, we substitute intake manifold pressure
set point with measurements (see (4a)). Finally, when the
control variable 5P becomes unfeasible (when exhaust VVT
set point is out of the saturation bounds), it is saturated to the
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maximum or minimum admissible value, and the left-over
degree of freedom, <I> , is used to minimize the induced
burned gas mass mlsmatch (at the expense of the energetic
efficiency). From (2b) and (2c), computation of the VVT
positions set points writes

O = e (913,17h(m::‘§r>(m35))

h(m?® ) if ®P € O,

arr

Y g;j“w(mg;’)) otherwise

(4a)

P — (4b)

where (g, is the interior of Q4,, ¥; and 1. are saturation
functions. ¢;(z) =z if z € Qq> Yi(z) = @, when z < @,
and ¢;(z) = ®; when z > &;. (2) = z if z € Qq,,
Ye(z) = @, when z < @, and we(x) = &, when = > O..
From (2b) and (2c), it appears that, provided that at least
one of the two VVT positions is not saturated, the observed
in-cylinder burned gas mass reaches its set point.

The global control strategy is presented in Figure 3.
Block A implements the high-level air and burned gas mass
controller (3), (4a) and (4b).

P
Al B o,
Air mass PY
mP _| controller
ar L Low-level
sp |controllers
h(-) Burned gas LI
m‘;g mass (R
controller
Py
Fig. 3. Airpath Control strategy. Block A is the high-level air and burned

gas mass controller, blocks B and C are the low-level pressure and VVT
controllers.

IV. STABILITY PROOF

The previous section has introduced a high-level controller
used at the input of both intake manifold pressure and
VVT actuators controllers. To maximize performance, it
uses real-time measurements in feedback loops. In general,
the induced interconnection could cause trouble. As is now
proven, this is not the case in unsaturated regimes (at first
order). Analysis follows from the small-gain theorem. In the
following, it is assumed that the intake manifold pressure
and the VVT actuators satisfy some finite-gain L stable
dynamics (with gains close to 1), similar to those observed
in [9], [8], [6], [13], [14]. The controller static equations are
linearized around a working point.

A. Linearization of the proposed controller

Consider the interconnection in Figure 3. Let
r = (P, ® ®.)7 be the states of blocks B and C
and u = (mF myy)" be the input vector. Gathering
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equations (3), (4a) and (4b), the controller writes

o’ = f ()

h(ul)

Sp
Lo

sp
T3

To simplify the stability

Wy ( 9., ISP(uQ)) otherwise
Ve ( z1,h ul)(uQ))

if ZC;p S Qq;.(5
&)

analysis, we consider unsaturated

conditions. Then, (5) becomes

From (2a) and (2c), one

yields
uy =
Uy =

= o (w1)
= h(w) (6)
= Q;I{h(ul)(uﬂ

can easily invert system (6). This

f(xsp7 2, 5173)
oz, by ), 237) @

spo

Let X° = (29,28, 2%,us, us, 237", 237°) be a point in the

neighborhood of (xl,xg,xg,ul,ug,xlp,a:3 ). Linearization
of (7) about X° gives

_ of sp 8
oup = 321 | 3o oxi’ + 5x2+ 31:3 . 0xs
Sug = 29| Sxq + Oh Sup + 24| SxiP
27 9y Xo awz xo Ul | xo 1 0x3 | o 3
where
dx; = x —xy, fori=1,2,3
ozt = alf — mgp , fori=1,3
ou; = u;— u;’, fori=1,2
With vector notations 6z*? £  (§x7P x3P sx3P)T,
Sz = (6x1 dx9 d23)T and v £ (v; v v3)7, one obtains
0 Ay Az
o0x’P = 0 0 O or +v 8)
A 0 0
where
g ! dg of -1 of
Al == 83?3 i(i ' dzl XO’ A2 = Bac] Xo ’ 8.’162 Xo’
_ _ of . of
A3 - oz Xo Oxs Xo
9
and
o oh
U1 = 37{1 ouy, vy = Duy 05u17
ag | ! dg * dh (10)
_ 99 _ 99| .
Us = Ox3 Xo (5u2 Oxa Xo Juq Xo 5“’1)

B. Stability analysis of the interconnection

Let £ be the space defined as the set of all piecewise
continuous functions ¢ : [0, c0[— R such that ||, < oo,
and L. be its extended space (e.g. £ can be any of the
following spaces L1, L2, L, see [16, p. 197]).

Consider the low-level intake manifold pressure and VVT
controllers as nonlinear dynamical systems. Their linearized
input-output relations are represented by

dx; = H;6xiF, fori=1,2,3 (1)
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where H; : L. — L. Figure 4 presents a schematic view
of (8) and (11). In this figure, which in fact is equivalent
to Figure 3 up to the change of variable (10), there are two
interconnected systems: H; (the intake manifold pressure)
and Hjs (the exhaust VVT actuator). Stability of the loop
can be analyzed by the small-gain theorem. Note that Ho
does not influence the stability of the system (because we
consider unsaturated regime (6)).

?11
+ sp
'UQ#HQ (51‘2 }AQ > 6x1 H1 (5.271
+
Ay /
il +
(ng H3 i ®+ V3

Fig. 4. Linearized control scheme. H1, H2 and Hgz are the systems of
the low-level pressure and VVT controllers. H; and H3 are interconnected
systems.

Suppose that both systems H; and Hj are finite-gain £
stables (i.e. both low controllers are well behaved), that is

<y 620l . + B, VoaiP € Le, V7 € [0, 00]
< s [|0x52 || . + B3, Vox5" € Le, Y71 € [0, 00]

[621- 2

16237l

where 71, 773, 1 and (3 are nonnegative constants and, for
all signal u, u, is the truncation of u over [0; 7]. Now, from
the small-gain theorem (see [16, theorem 5.6]), the following
proposition holds

Proposition 1. The feedback connection is finite-gain L
stable if v173 || Al [|As]l, < 1.

Consider well-behaved intake manifold pressure and VVT
controllers, with £ gains close to 1, say such that

Tz < 147

Usually, 41 = 0 and 3 = 0 under the assumption of zero-
bias closed-loop response.
From (9), the product ||A;|| ||As], writes

dg | 7' g aof |7t af
A Aall . = || == = 2L 2L
” 1||£|| 3H£ x5 o 9z, o 0z, <o Ox3 <o
¢!
From (1b), it comes
ﬁ - _ @ (13)
61‘3 Xo 81‘3 Xo
Gathering (12) and (13), yields
a9 | of |
A A == =
e baste = | 52| g )

Interestingly, this product remains strictly below 1 over the
whole range of operating points under consideration for
turbocharged VVT SI engines. Indeed, Figure 5 reports the
value of ||A1]| . || As||; for different engine torque and speed.
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A physical interpretation is that the in-cylinder air mass has
a higher intake manifold pressure dependency than the in-
cylinder burned gas mass.

0.21 f ——1000 rpm | -
—e— 1500 rpm

04 —=—2000 rpm | 4
——2500 rpm

0 I I I I I I I 1 1 1
40 60 80 100 120 140 160 180 200 220 240

Torque (Nm)

Fig. 5. Product |[A1||, ||A3]| as a function of torque and engine speed.

In summary, provided that + is sufficiently small (which is
reasonably expected from the low-level controllers), Propo-
sition 1 holds.

V. EXPERIMENTAL RESULTS

The proposed control strategy (5) has been embedded into
a real-time control target and tested at test-bench.

A. Experimental setup

The engine under consideration is a 1,8L four-cylinder
SI engine using direct injection and homogeneous combus-
tion [17]. The airpath consists of a turbocharger controlled by
a waste-gate, an intake throttle and a downstream-compressor
heat exchanger permitting intake air temperature regulation.
To take advantage of all the versatility of direct injection and
turbocharging, the engine is equipped with two variable valve
timing devices, for intake and exhaust valves. This engine
setup is consistent with the scheme reported in Figure 1.

B. Burned gas mass variations

The first scenario under consideration consists of request-
ing various burned gas mass set points for a constant air
mass set point. This scenario is of particular interest during
test-bench engine energetic optimization process, when for
a given torque set point, the optimal in-cylinder burned gas
mass is sought with respect to minimum pollutant emissions
criteria.

Figure 6a represents the in-cylinder burned gas mass set
point, miS, and its estimation given by model (1a), my,.
Although the model cannot be compared with any measure-
ment, NO, measurements in Figure 6e shows the consistency
of the in-cylinder burned gas model (increase of the burned
gas fraction decreases NO, emissions, see [3]). Figure 6b
gives the in-cylinder air mass set point (constant), m.” . its
measurement, m,:<**, given by the air flow sensor, and its
estimation (1b), my;,.. It reveals a good fit between the in-
cylinder air mass model and measurements.
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Fig. 6. Experimental results on a 4-cylinder turbocharged VVT SI engine at constant engine speed (2000 rpm). Variation of in-cylinder burned gas mass

at constant in-cylinder air mass.

The proposed controller succeeds in fulfilling both ob-
jectives by manipulating simultaneously the intake manifold
pressure and the VVT actuators. It is worth noticing that
the limitations of the VVT actuators positions values are
fully accounted for. This point is particularly visible over the
time interval 100 — 220 s, in Figure 6d, when the exhaust
VVT actuator saturates to its maximum value while the
intake VVT is automatically used to compensate the possibly
induced mismatch of the in-cylinder burned gas mass. As a
result, the in-cylinder burned gas mass perfectly tracks its
reference, except right after ¢ = 100 s. Interestingly, the
response at time 100 s shows how the proposed controller
uses the intake manifold pressure set point as a degree of
freedom to compensate the temporary “sticking” of the intake
VVT actuator (see Figure 6c). Thanks to this insightful
decision, the in-cylinder air mass remains at its set point.

C. Torque transients

The transient response observed in Figure 7 is particularly
interesting. In this scenario, a torque transient is requested
by the driver. This defines an increase in the in-cylinder
air mass set point. Similarly, the set point of burned gas
mass increases too. To perform this transient, both the intake
manifold pressure and the VVT actuators must be controlled.
Our proposed controller coordinates both the pressure and
the VVT controllers. The VVT actuators behave relatively
poorly (see Figure 7d), which is detected by the controller.

To account for the discrepancy between the exhaust VVT set
point and its actual position, the intake manifold pressure set
point features a sharp change of slope in the middle of the
transient (see Figure 7c). This avoids a possible overshoot in
the observed in-cylinder air mass (see Figure 7b; overshoot
and undershoot of the measurements are due to the sensor
location - upstream the compressor -, it does not capture
the intake filling dynamics). The primary control objective
is fulfilled. The air mass transient is fast and accurate.
Besides, the burned gas mass smoothly reaches its set point
at its own speed as the VVT actuators eventually converge
(see Figure 7a). A similar, but slightly less visible, behavior
takes place at the following tip-out.

VI. CONCLUSION AND FUTURE DIRECTION

The paper presents a control strategy to manage both the
in-cylinder air and burned gas masses on engines equipped
with VVT actuators. The method consists of computing
intake manifold pressure and VVT actuators set points
to coordinate the low-level controllers. It uses real-time
measurements in feedback loops. Stability of the created
interconnected closed-loop system is analyzed through the
small gain theorem. Experimental results obtained at test-
bench stress the relevance of the control strategy.

The strategy has been validated under atmospheric con-
ditions. We plan to test the control strategy on the whole
engine operating area.
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