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ABSTRACT The precise boost pressure control is the key to guaranteeing reliable turbocharged gasoline
engine operation. The closed-loop control requires fast boost pressure tracking performance in wide engine
operating range. This paper presents a double closed-loop nonlinear control scheme to improve transient
tracking performance. The air-path system of the turbocharged gasoline engine is described by a physics-
based, nonlinear, mean value model that presents a long regulation channel from the control input, wastegate-
opening, to the control output, boost pressure and brings challenges for the controller design with satisfied
tracking performance. To address this problem, the outer loop treats the turbine speed as a downstream
control demand and adjusts it by using a feedforward-feedback control to achieve fast boost pressure
tracking. Subsequently, a disturbance-observer-based nonlinear inner-loop controller is designed to regulate
the wastegate that stabilizes the turbine speed tracking error while handles the uncertainties due to operating
variation. The stability of the whole closed-loop system is analyzed by the Lyapunov stability theory and the
robustness against operating variation is discussed based on input to state stability (ISS). The effectiveness
of the proposed controller is validated through a higher fidelity model in AMESim and its performances are
compared with well-tuned baseline controllers.

INDEX TERMS Turbocharged gasoline engine, boost pressure, double closed-loop control, stability and
robustness.

I. INTRODUCTION
Nowadays, the turbocharger is widely adopted to enable the
downsize of gasoline engines where a compressor is used
to increase the density of the intake air, thereby boost the
engine power to meet the driver demand with higher fuel
efficiency [1]–[3]. The advantages of boosting are accom-
panied by an increase in complexity of the air-path control
system design and it is essential to develop a reliable control
strategy to achieve good performance.

As the torque-based control scheme suggests, the desired
torque of a turbocharged gasoline engine can be calculated
from the driver pedal position and then mapped into the
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desired intake manifold pressure and boost pressure con-
sidering fuel economy and emission [4]. These two desired
pressure targets are then tracked by regulating the throttle and
wastegate [5], [6]. Given the complexity of the turbo-charged
engine system and multiple control requirements, Model
Predictive Control (MPC) approaches [7]–[9] are effective
with meaningful objective functions to coordinately regulate
the multiple actuators [10]–[12]. Considering the complex
nonlinear empirical engine air-path models, researchers are
turning to learning-based MPC design [13]. Since imple-
mentingMPC in coordinated engine control requires meeting
strict real-time requirements in terms of execution speed
and memory allocation, decentralized control scheme is an
alternative solution in practice where the multiple pres-
sures tracking problem can be handled with independent
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controllers, e.g. regulating the throttle to track the desired
intake manifold pressure, and regulating the wastegate to
track the desired boost-pressure [14]. A motion planning
feedforward control combined with a gain scheduled feed-
back control was designed to track the desired boost pressure
in [15]. To handle the nonlinearity of the air-path system,
an adaptive internal model control scheme based on struc-
tured quasi-linear parameter-varying model was applied to
control the boost pressure in [16], [17] and [18]. In [14],
a gain scheduled controller was proposed to track the desired
intake manifold pressure and boost pressure. To account
for the influence of time-delay, modeling uncertainties and
the bounded disturbance, a robust H∞ controller based on
a switching Takagi-Sugeno (TS) model was designed [19].
In [20], a fuzzy controller based on the switching TS fuzzy
model was developed to regulate the throttle and wastegate.
The existing control methods mainly focused on adopting
the single closed-loop control scheme. Typically, the tur-
bocharged engine system is a high-order nonlinear system
with a long input-output regulation channel where the non-
linearity, large inertia, and uncertainties should be handled.
The single closed-loop control scheme may limit the control
performance and space still exists to improve the transient
control performance.

Motivated by the successful applications in advanced auto-
motive powertrain systems [21], [22], this paper explores
the double closed-loop nonlinear control scheme for a tur-
bocharged gasoline engine driven by the need for robust boost
pressure tracking control in wide-range operating conditions.
To this end, we mainly focus on the tracking control of the
boost pressure, and assume that the manifold pressure is well
controlled by the throttle. The proposed double closed-loop
controller includes an outer-loop feedfoward-feedback con-
troller that tracks the boost pressure set-points and generates
the turbine speed demand, and an inner-loop disturbance-
observer-based nonlinear controller that stabilizes the turbine
speed tracking error. The stability and robustness of the whole
control system is theoretically guaranteed and the control per-
formance is validated through a higher fidelity turbo-charged
engine in simulation. The main contributions of this paper are
threefold as follows.
(i) To facilitate the nonlinear controller design, the dynam-

ics of the air-path system of a turbocharged gasoline
engine is described by a third-order, control-oriented,
mean value model;

(ii) Considering the long regulation channel in
turbocharged gasoline engines, a double closed-loop
control scheme is developed for the boost pressure
tracking problem. To achieve fast boost pressure track-
ing, an outer-loop controller is designed that includes
a neural-network-based feedforward control and a PID
feedback control where the turbine speed is treated as
a virtual control input. To stabilize the turbine speed
tracking error and handle uncertainties, a disturbance
observer-based inner loop controller is deduced by
using Backstepping technique;

(iii) The stability and robustness of the whole closed-loop
system are discussed theoretically by the Lyapunov
stability theory and ISS theories.

The rest of this paper is organized as follows. In Section II,
the control problem is stated and the control-oriented, non-
linear mean value model of a turbocharged gasoline engine is
described. Section III proposes the double closed-loop con-
trol scheme and analyzes the closed-loop stability and robust-
ness. Section IV presents the simulation results. Section V
summaries the key findings of this paper.

II. PROBLEM STATEMENT AND CONTROL-ORIENTED
MODEL
In this paper, a four cylinder, turbocharged, gasoline engine
is considered and the schematics of the system is shown
in Fig. 1. The engine intake port is connected to the compres-
sor where the fresh air is boosted to a higher density level
and passes through the throttle before entering the engine
intake manifold and the cylinder. The engine exhaust port is
connected to the turbine that is mechanically connected to the
compressor. The electronicwastegate valve is the key actuator
that regulates the opening of the turbine bypass, affecting the
turbine speed and therefore the boost pressure.

FIGURE 1. Schematic diagram of a turbocharged gasoline engine.

A. CONTROL PROBLEM STATEMENT
The control objective is to make the turbocharged gasoline
engine track a desired boost pressure reference P∗b via the
regulation of the wastegate. Note that good tracking of the
boost pressure will ensure that the throttle is fully open in
the turbocharging operating zone [23]. In this paper, we will
only focus on using the wastegate to track the boost pres-
sure while the throttle is considered as an exogenous input.
Measurements for boost pressure, Pb, temperature variables,
Tb,Ti,Tx , compressor/turbine speed, Nt , engine speed, Nen,
throttle opening angle, uth, are assumed to be available for
feedfoward and feedback control. To proceed the nonlinear
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controller design, the control-oriented model of the tur-
bocharged gasoline engine are introduced as below.

B. CONTROL-ORIENTED MODEL
In this paper, the nonlinear control-oriented model for the
boost pressure control follows the mean value aspect and
includes several subsystems described as follows.

Boosted air dynamics: This model describes the air-flow
dynamics that the fresh air is compressed into the engine.
In this process, the compressor is driven by the exhaust
air-flow via the turbine. According to the mass flow balance
equation and the ideal gas law, the dynamics of the boost
pressure Pb is given by [24], [25]

dPb
dt
=
RTb
Vb

(Wc −Wth), (1)

where R is the ideal gas constant, Tb is the temperature of
air at the compressor outlet, Vb is the volume of compressor,
Wc is the compressor air mass flow rate, Wth is throttle air
mass flow rate.

As described in [26], [27], the compressor mass flow rate
can be modeled by

Wc =
Pa
Pst

√
Tst
Ta
fc(Pb,Nt,cor ), (2)

where Pa is the ambient pressure, Pst is the standard pressure,
Ta is the ambient temperature, Tst is the standard temperature,
and fc(·) is the corrected compressor air mass flow rate pre-
sented by a polynomial equation as

fc(Pb,Nt,cor ) = α1 + α2Nt,cor + α3Pb + α4N 2
t,cor

+α5Nt,corPb + α6P2b, (3)

where α1 = 0.46, α2 = −2.71 × 10−6, α3 = −2.71 ×
10−6, α4 = 4.98× 10−6, α5 = 3.82× 10−6, α6 = −1.57×
10−6 are fitting parameters, Nt,cor =

√
Tst
Ta
Nt is the corrected

turbine rotational speed, Nt is the turbine rotational speed.
Turbine airmass flow:Themass flow rate through turbine

is presented by

Wt = ft

(
Pe
Px
,
Nt
√
Te

)
Pe
√
Te
, (4)

where Px is the outlet pressure of turbine, Pe is the exhaust
manifold pressure, Te is the exhaust manifold temperature,
ft (·) is the corrected mass flow rate of turbine and calculated
by a specific look-up table.

Throttle air mass flow: The air mass flow through throttle
is modeled based on the standard equations of compressible
gas flow through a nozzle [3] as

Wth =
fth(sat(0, uth, 100))

√
Tb

CqPbφ(5t ), (5)

where uth is the throttle opening angle considered as an
exogenous input, and fth(·) denotes the orifice opening area
characterized by a look-up table with a saturation function
sat(·) that limits throttle opening within the range [0,100],

Cq is the air discharge coefficient, and φ(5t ) is the mass flow
function defined by

φ(5t )=



√
2γ

R(γ − 1)

[
(5t )

2
γ − (5t )

γ+1
γ

]
,

5t >

(
2

γ + 1

) γ−1
γ

√
γ

R

(
2

γ + 1

) γ+1
γ−1

,

5t ≤

(
2

γ + 1

) γ−1
γ

(6)

where γ is the specific heat ratio, Pi is the intake manifold
pressure, and 5t =

Pi
Pb

denotes the intake pressure ratio.
Cylinder airmass flow:The engine cylinder is considered

as a volumetric pump, i.e. a device that enforces a volume
flow approximately proportional to its speed

Wen =
ηenVen
120RTi

NenPi, (7)

where Ven is the total volume of four cylinders, ηen is the
volumetric efficiency characterized by a look-up table, Ti is
the intake manifold temperature, Nen is the engine speed
which is measurable and considered as an exogenous input
in this work.

Exhaust manifold air dynamics: The exhaust manifold
represents the chamber between the cylinder outlet port and
the turbine. The dynamics of exhaust manifold pressure is
presented by

dPe
dt
=
RTe
Ve

(Wexh −Wt −Ww), (8)

where Ve is the volume of the exhaust manifold, Wt is the
mass flow rate through the turbine, Ww is the air mass flow
rate through the wastegate,Wexh is the exhaust mass flow rate
computed by

Wexh = Wen
1+ A/F
A/F

, (9)

where A/F is the stoichiometric air-fuel ratio of gasoline
engines.

Wastegate air mass flow: The wastegate is the key actua-
tor that adjusts the amount of exhaust gas through the turbine.
Similar with the throttle, the air-flow rate through the waste-
gate is given by

Ww =
fw(sat(0, uw, 100))

√
Te

CqtPeφ(5w), (10)

where sat(·) limits uw within the range [0, 100], fw(·) is the
orifice opening area calculated by

fw(uw) = (500− 5uw)× 10−6, (11)
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Cqt is the exhaust gas discharge coefficient, φ(5t ) is the mass
flow function for the exhaust gas defined by

φ(5w)=



√
2γe

R(γe − 1)

[
(5w)

2
γe − (5w)

γe+1
γe

]
,

5w>

(
2

γe + 1

) γe−1
γe
,√

γe

R

(
2

γe + 1

) γe+1
γe−1

,

5w≤

(
2

γe + 1

) γe−1
γe
,

(12)

where γe is the specific heat ratio of the exhaust gas, and
5w =

Px
Pe

denotes the exhaust pressure ratio.
Turbine speed dynamics: The dynamics of the rota-

tional speed of turbine shaft Nt is modeled according to the
Newton’s Second law as

dNt
dt
=

1
ItNt

(Ht − Hc), (13)

where Ht denotes the power generated by the turbine and Hc
denotes the power consumed by the compressor, It represents
the moment of inertia. According to the first law of thermo-
dynamics, the power of compressor Hc can be described as

Hc = cp,aTaWc
1
ηc
ψc, (14)

where cp,a is the specific heat constant of the air, ηc is
the isentropic efficiency of compressor characterized by a
look-up table, ψc is the air mass flow coefficient calculated
by

ψc =

(
Pb
Pa

) γ−1
γ

− 1. (15)

The power of turbine is described as

Ht = cp,eTeWtηtψt , (16)

where cp,e is the specific heat constant of the exhaust gas, ηt is
the isentropic efficiency of turbine characterized by a look-up
table, ψt is the exhaust gas mass flow coefficient calculated
by

ψt = 1−
(
Px
Pe

) γe−1
γe
. (17)

Summarizing (1)−(17) leads to the 3rd-order control-
oriented model as in (18), shown at the bottom of the next
page. The structural diagram of the model is shown in Fig. 2
that illustrates the signal flow from the control input, uw,
exogenous inputs, uth and Nen, to the output, Nen.

III. DOUBLE CLOSED-LOOP CONTROLLER DESIGN
A. CONTROL SYSTEM ARCHITECTURE OVERVIEW
The operating conditions vary widely in the application of
turbocharged gasoline engine control. As shown in Fig. 2,
since the regulation tunnel from the wastategate actuator

FIGURE 2. Structural diagram of the nonlinear control-oriented model.

command uw to the boost pressure Pb is long, the varia-
tion of the exogenous signal, i.e, engine speed, Nen, may
result in either inadequate boost at low loads or over-boost
situation at high loads. The nonlinearity of (18) also adds
complexity to the controller design. Double closed-loop con-
trol scheme with nonlinear feedback is adopted accounting
for its advantages of good tracking performance and robust-
ness. The schematic of the proposed double closed-loop
controller is shown in Fig. 3. In the outer-loop, a Neural
Network (NN)-based feedforward control combined with a
Proportional-Integral-Derivative (PID) feedback control is
adopted to achieve fast boost pressure tracking and calculate
the virtual turbine speed control demand N ∗t . In the inner-
loop, taking advantage of the strict feedback form of (18b)
and (18c), a nonlinear feedback controller is derived based on
Backstepping technique to stabilize the turbine speed track-
ing error and reject disturbance due to operating variation.
The details of the controller design and the stability analysis
are discussed as below.

FIGURE 3. Schematic of the double closed-loop controller for boost
pressure tracking.

B. OUTER-LOOP CONTROLLER DESIGN
The objective of the outer-loop controller is to design a virtual
control input N ∗t (turbine speed) to make the actual boost
pressure Pb tracks the given set-points P∗b. In this paper,
to obtain a fast tracking performance, the outer-loop con-
troller is designed as

N ∗t = N ∗tf + N
∗
tb, (19)

where N ∗tf is the feedforward control and N ∗tb is the feedback
control to be determined.

1) FEEDFORWARD CONTROL BASED ON NEURAL NETWORK
Due to the nonlinearity of the subsystem (18a) and (18b),
it is not easy to explicitly obtain the feedforward control
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law. In recent work on the dynamics approximation of engine
air-path system [13], the neural network has proven effective
in terms of both accuracy and ease of use. Therefore, in this
paper, a 3-layer NN is used to learn the inversed dynamics
of the subsystem (18a) and (18b) and calculate the feedfor-
ward control N ∗tf . The input vector of the NN is selected as
INN = [Ṗ∗b,P

∗
b,Nen, uth]

T and the output is the feedforward
control lawN ∗tf . There are 30 neurons in the hidden layer. The
structure of the neural network is shown in Fig. 4.

FIGURE 4. The structure of the NN-based feedforward control.

Thus, the feedforward control law is described by,

N ∗tf = W2φ(W1INN + b1)+ b2, (20)

where W1 and W2 are the weighting matrices, b1 and b2
are the bias vectors, φ(·) represents the nonlinear activation
function which is selected as the sigmoid function in this
paper. All the parameters associated with the neural network
are learned off-line.

2) FEEDBACK CONTROL
Define tracking error of the boost pressure as

ep = P∗b − Pb. (21)

Considering the ideal case, if the NN-based feedforward
law (20) is perfectly learned, Pb = P∗b holds and the corre-
sponding boost pressure tracking error dynamics after apply-
ing the feedforward law yields

ėp = f (P∗b,N
∗
tf ) = 0. (22)

However, due to learning errors of NN and external distur-
bances, Pb 6= P∗b by applying feedforward control thereby a
feedback law N ∗tb is needed to compensate the tracking error.

Differentiating (21) and combining (18a) leads to

ėp = Ṗ∗b − Ṗb = f (Pb,Nt )

= Ṗ∗b − a1 − a2Nt − a3Pb − a4N
2
t − a5NtPb

−a6P2b − a7fth(sat(0, uth, 100))φ(5t )Pb. (23)

The first order Taylor series expansion is used along (P∗b,N
∗
tf )

to approximate (23), yielding:

ėp = f (P∗b,N
∗
tf )+

∂f
∂Pb

∣∣∣∣
P∗b,N

∗
tf

· ep +
∂f
∂Nt

∣∣∣∣
P∗b,N

∗
tf

· N ∗tb +d1.

(24)

where the disturbance d1 sums up the uncertainties and the
residual from the Taylor series expansion. A PID controller is
applied as the feedback control to stabilize the system (24),

N ∗tb = Kpep + Ki

∫
epdt + Kd ėp, (25)

where Kp, Ki and Kd are tuning parameters of the PID con-
troller.

According to Routh-Hurwitz Stability criterion [28],
we choose Kp > 0,Ki > 0 and Kd > 0 in the closed-loop
system of (24) to impose

1+MKd > 0, (26a)

a3+ a5N ∗tf + 2a6P∗b+ a7fth +MKp> 0, (26b)

MKi > 0, (26c)

where M = a2 + 2a4N ∗tf + a5P∗b. The closed-loop system
of (24) is asymptotically stable if d1 == 0 and ISS if d1 6= 0
is bounded [29]. Therefore, there exists a Lyapunov function
Vo for functions α(·), γ (·) which are belong to class K∞,
yielding

V̇o ≤ −α(|ep|)+ γ (|d1|), ∀ep, d1. (27)

Combining the feedfword controllerN ∗tf and feedback con-
troller N ∗tb leads to the outer-loop controller which is the
reference value N ∗t for the inner-loop controller.

C. INNER-LOOP CONTROLLER DESIGN
For the inner-loop controller design, we define uw =

fw(sat(0, uw, 100)) as an intermediate control input and the
actual control input uw can be calculated explicitly by the
reverse solution. The state variables are defined as x1 = Nt
and x2 = Pe. Thus, the state space formulation ofmodel (18b)
and (18c) is rewritten as:

ẋ1 = f1(Pb, x1)+ Ax2 + f0(x1, x2), (28a)

dPb
dt
= a1 + a2Nt + a3Pb + a4N 2

t + a5NtPb + a6P
2
b + a7fth(sat(0, uth, 100))φ(5t )Pb, (18a)

dNt
dt
= b1

[
1−

(
Px
Pe

)b2]
ηt ft

(
Pe
Px
,
Nt
√
Te

)
Pe
Nt
+ b3

1
ηc

[(
Pb
Patm

)b4
− 1

]
fc(Pb,Nt,cor )

1
Nt
, (18b)

dPe
dt
= c1ηenNnenPnni + c2ft

(
Pe
Px
,
Nt
√
Te

)
Pe + c3φ(5w)Pefw(sat(0, uw, 100)). (18c)
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ẋ2 = f2(x1, x2)+ g(x2)uw, (28b)

where

f1(Pb, x1) = b3
1
ηc

[(
Pb
Patm

)b4
− 1

]
fc(Pb,Nt,cor )

1
x1
,

f0(x1, x2) = b1

[
1−

(
Px
Pe

)b2]
ηt ft

(
x2
Px
,
x1
√
Te

)
x2
x1
− Ax2,

f2(x1, x2) = c1ηenNnnnenPnni + c2ft

(
x2
Px
,
x1
√
Te

)
x2,

g(x2) = c3φ(5w)x2, (29)

and A 6= 0 is a constant.
Due to the high nonlinearity of f0(x1, x2), it is treated as

a modeling uncertainty and a linear extended state observer
(ESO) [30], [31] is applied to estimate its value. To this end,
we define z1 = x1 and an extended state z2 = f0(x1, x2). Then,
(28a) is extended to

ż1 = f1(Pb, z1)+ Ax2 + z2,

ż2 = h(t), (30)

where h(t) is considered as an unknown term with respect to
the time instant t .
Then, we define the estimated error z̃1 = z1 − ẑ1 and the

linear ESO is described by

˙̂z1 = f1(Pb, ẑ1)+ Ax2 + ẑ2 + 2λoz̃1,
˙̂z2 = λ2oz̃1, (31)

where [2λo λ2o] is the vector of the observer gains as suggested
in [32] and λo is tuned according to the convergence time.
Hence, f0(x1, x2) is estimated by

f̂0(x1, x2) = ẑ2. (32)

Combining (28) with ESO (31), the state space equation of
the inner-loop system is written as

ẋ1 = f1(Pb, x1)+ Ax2 + ẑ2 + d2, (33a)

ẋ2 = f2(x1, x2)+ g(x2)uw + d3, (33b)

where disturbances d2 and d3 sum up the uncertainties due to
the observed error of ESO and the operating variation of the
engine system.

The control objective for the inner-loop system is to
track the desired reference of turbine speed N ∗t obtained
by the outer-loop controller. The second-order inner-loop
system (33) appears to be a strict feedback formulation to
which the Backstepping technique [33] is suitable for the
closed-loop controller design as the design process is intuitive
and the robust stability can be guaranteed based on Lyapunov
and ISS theories. We define the tracking error as e1 = N ∗t −
x1. The state x2 can be viewed as a virtual control input
for (33a) and a Lyapunov function is selected accordingly as:

V1 =
1
2
en21 +

k1
2
χ2, (34)

where χ =
∫
e1 dt and k1 > 0.

Differentiating (34) with respect to time, yields

V̇1 = e1ė1 + k1χe1
= e1[Ṅ ∗t − f1(Pb, x1)− Ax2 − ẑ2 + k1χ − d2]

≤ e1[Ṅ ∗t − f1(Pb, x1)− Ax2 − ẑ2 + k1χ ]+
e21
2
+
d22
2

= e1[Ṅ ∗t − f1(Pb, x1)− Ax2 − ẑ2 +
e1
2
+ k1χ ]+

d22
2
.

(35)

Choose the virtual control input as

x2d =
1
A
[k2e1 + Ṅ ∗t − f1(Pb, x1)− ẑ2 +

e1
2
+ k1χ ], (36)

to impose that

V̇1 ≤ −k2e21 +
d22
2
, (37)

where k2 > 0. If the disturbance d2 = 0, (37) is non-positive
as V̇1 < 0 (e1 = 0⇔ V̇1 = 0), so that the closed-loop system
of (33a) is asymptotically stable. If the disturbance d2 6= 0 is
bounded, the system (33a) is ISS.

In (33b), to ensure that x2 asymptotically converges to x2d ,
we define an additional error state as

e2 = x2d − x2. (38)

Differentiating (38) leads to

ė2 = ẋ2d − ẋ2 = ẋ2d − f2(x1, x2)− g(x2)uw − d3, (39)

Then, the Lyapunov function (34) is extended to

V2 = V1 +
1
2
ennn22. (40)

Differentiate (40) with respect to time leads to

V̇2 = e1ė1 + k1χe1 + e2ė2
= e1[N ∗t − f1(Pb, x1)− Ax2 − ẑ2 + k1χ − d2]

+e2[ẋ2d − f2(x1, x2)− g(x2)uw − d3]

≤ e1[N ∗t − f1(Pb, x1)− Ax2d − ẑ2 +
e1
2
+ k1χ ]

+e2[ẋ2d−f2(x1, x2)−g(x2)uw+Ae1 +
e2
2
]+

d22 + d
2
1

2
= −k1e21 + e2[ẋ2d − f2(x1, x2)− g(x2)uw + Ae1 +

e2
2
]

+
d22 + d

2
3

2
, (41)

where g(x2) 6= 0 in normal operating condition of
turbo-charged in practice.

Thus, we choose the control input as

uw =
1

g(x2)
[k3e2 + ẋ2d − f2(x1, x2)+ Ae1 +

e2
2
], (42)

with k3 > 0 that guarantees

V̇2 = −k2e21 − k3e
2
2 +

d22 + d
2
3

2
. (43)
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For (43), if
d22+d

2
3

2 = 0, the above inequality is changed
as V̇2 ≤ 0 (e1 = 0, e2 = 0 ⇔ V̇2 = 0), then the closed

error system (33b) is asymptotically stable; If
d22+d

2
3

2 6= 0 is
bounded, the system is ISS and robust against d2 and d3.
Finally, according to (11), the actual command of the

wastegate actuator can be calculated.

D. STABILITY ANALYSIS OF THE WHOLE CLOSED-LOOP
SYSTEM
The Lyapunov function of the whole closed-loop system is
given by

Vt = V0 + V2. (44)

Differentiating (44) and combining (27) and (43) leads to

V̇t = V̇0 + V̇2

≤ −α(|ep|)− k2e21 − k3e
2
2 + γ (|d1|)+

d22 + d
2
3

2
. (45)

Therefore, the total closed-loop system is asymptotically

stable if γ (|d1|) +
d22+d

2
3

2 = 0, and ISS if the bounded

disturbance γ (|d1|)+
d22+d

2
3

2 6= 0.

IV. SIMULATION RESULTS AND DISCUSSION
To evaluate the performance of the proposed double
closed-loop control scheme, a higher fidelity simulation
model of the turbocharged gasoline engine is developed in
the simulation environment of the commercial software LMS
Imagine.Lab AMESim (Rev 13). The internal combustion
engine model in AMESim is selected as CFM 1Dmodel from
IFP-Engine library which includes the detailed mechanical
parts of the engine and is able to capture most of signifi-
cant dynamics of turbocharged gasoline engines. The lay-
out of the higher fidelity model is shown in Fig. 5. The
tuning parameters of the proposed controller are given as
follows: 1) Outer-loop feedback controller: Kp = 0.6, Ki =
0.1, Kd = 0.0001; 2) Inner-loop Backstepping controller:
k1 = 0.3, k2 = 15, k3 = 12.

A. PERFORMANCE EVALUATION ON TRANSIENT
TRACKING CONTROL
The following control specifications are considered [18]: (1)
(i) The overshoot of Pb while tracking a step change ref-

erence should be as small as possible;
(ii) The oscillation of Pb while tracking a step change ref-

erence should be avoided as the corresponding torque
oscillation is noticeable to the driver.

The transient tracking performance is shown in
Fig. 6 and Fig. 7. In simulation, the nominal engine speed
is set as 3000 rpm and the desired boost pressure is set as a
step-changed signal while the throttle position is set as fully
open. In Fig. 6, the proposed double closed-loop controller
achieves fast tracking without overshoot and oscillation. The
corresponding turbine speed trajectories are shown in Fig. 7.
It can be observed that the NN-based feedforward control N ∗tf

FIGURE 5. The higher fidelity model of the turbocharged gasoline engine
in AMESim.

FIGURE 6. Simulation results on transient tracking performance
evaluation at engine speed = 3000 rpm: Boost pressure trajectory.

FIGURE 7. Simulation results on transient tracking performance
evaluation at engine speed = 3000 rpm: Turbine speed trajectory.

captures the system transient dynamics very well and plays a
dominant role which realizes a small feedback regulation in
the outer-loop control.
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FIGURE 8. Structural diagram of the baseline PID controllers. (a) Double
closed-loop PID controller. (b) Single closed-loop PID controller.

Overall, the proposed control system shows good transient
tracking performance.

B. PERFORMANCE EVALUATION IN THE PRESENCE OF
DISTURBANCES
In practice, as engine operating points vary, the control per-
formance sensitivity with respect to the variation of engine
speed should be tested. The proposed double closed-loop con-
troller is tested and compared with two well-tuned baseline
PID controllers: one is a double closed-loop PID controller
referred to as DCL_PID in the context and the other is a
single closed-loop PID controller referred to as SCL_PID in
the context. The structural diagram of the two baseline PID
controllers are shown in Fig. 8. Note that only one set of
tuning parameters at the nominal engine speed (3000 rpm)
is used for all the following tests. The tuning parameters of
the baseline PID controllers are provided as follows.

(i) SCL_PID: KP,SCL = 250, KI ,SCL = 650, KD,SCL =
0.1;

(ii) DCL_PID outer-loop: KP,DCL,O = 0.4, KI ,DCL,O =
5.5, KD,DCL,O = 0.001;

(iii) DCL_PID inner-loop: KP,DCL,I = 0.007, KI ,DCL,I =
0.01, KD,DCL,I = 0.00001.

As shown in Fig. 9 and Fig. 10, at the nominal engine speed
of 3000 rpm, all controllers are able to achieve fast tracking
without overshoot and the control performances are simi-
lar. The comparison at engine speed of 2500 rpm is shown
in Fig. 11 and Fig. 12. As shown in Fig. 11, the proposed
double closed-loop nonlinear controller is still able to achieve
good tracking performance, however, the two baseline PID
controllers produce overshoot at transient.

Next, a worst case of a sudden operating change that the
engine speed varies with a big step interval from 2500 rpm to
4000 rpm is considered and the associated results are shown
in Fig. 13, Fig. 14 and Fig. 15. In this case, the boost pressure
reference is set as P∗b = 1.4 bar . In Fig. 14, the proposed

FIGURE 9. Performance comparison at engine speed = 3000 rpm: Boost
pressure trajectory.

FIGURE 10. Performance comparison at engine speed = 3000 rpm:
Turbine speed trajectory.

FIGURE 11. Performance comparison at engine speed = 2500 rpm: Boost
pressure trajectory.

FIGURE 12. Performance comparison at engine speed = 2500 rpm:
Turbine speed trajectory.

controller handles the transient with the smallest overshoot
and shortest adjust time against the engine speed disturbance.
In Fig. 15, the proposed controller generates a quicker tur-
bine speed demand compared with DCL_PID to actively
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FIGURE 13. Performance comparison for the step change of engine speed
from 2500 rpm to 4000 rpm: Engine speed trajectory.

FIGURE 14. Performance comparison for the step change of engine speed
from 2500 rpm to 4000 rpm: Boost pressure trajectory.

FIGURE 15. Performance comparison for the step change of engine speed
from 2500 rpm to 4000 rpm: Turbine speed trajectory.

compensate the disturbance from the sudden change of the
engine speed. Without a turbine speed planning in the outer
loop, the SCL_PID fails to suppress the overshoot within
the desired range. Since the performances of the proposed
controller and DCL_PID are better than SCL_PID, it indi-
cates the benefit and advantage of the application of applying
the double closed-loop structure in turbocharged gasoline
engine boost pressure control. Future work will focus on the
experimental validation of the proposed controller.

V. CONCLUSION
This paper investigates the boost pressure tracking control
of a turbo-charged gasoline engine. Taking the system non-
linearity and the long input-output regulation channel into

account, a double closed-loop control scheme was proposed
to achieve good transient tracking performance. To start with,
a control-oriented mean value model of the turbocharged
gasoline engine is developed. An outer loop feed-forward
control was designed for achieving fast turbine speed track-
ing while a disturbance observer-based nonlinear inner loop
control was designed for regulating the waste gate to com-
pensate the nonlinearity and uncertainties. The stability and
robustness of the whole closed-loop system was discussed.
Simulation results demonstrated the proposed control system
achieved good turbine speed and boost pressure tracking
performance and had certain capability to reject disturbances
due to operating variation.
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