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Abstract: In this paper, Reactivity Controlled Compression Ignition (RCCI) with an
electrically-assisted turbocharger (E-turbo) is investigated. This is a promising concept for
future green transport, since it can realize very high thermal efficiencies for a wide range of
renewable fuels. The combination of RCCI with an E-turbo requires a new approach to manage
the energy flows of the engine due to constraints on the storage of electrical energy. The E-
turbo shows most potential to increase the engine’s thermal efficiency by improved tracking
performance of the desired intake conditions. To exploit the full potential of the E-turbo during
transients, a dynamic decoupling feedback controller is designed. A supervisory controller based
on Pontryagin’s Minimum Principle is composed to maximize the brake thermal efficiency while
the battery of the E-turbo remains charge sustaining. The supervisory controller determines
setpoints for the feedback controller and ensures therefore optimal engine operation during
transients. For the simulated, real-world based transient-cycle, fuel savings of 0.64 [%] are

realized by the developed supervisory control, while remaining charge sustaining.

Keywords: Engine modelling, engine control, energy management systems, energy control,
dynamic decoupling, hybrid vehicles, optimal control.

1. INTRODUCTION

To contribute to solving the problem of global warming,
the European Union has formulated a legislation to re-
duce the COg-emissions for heavy-duty vehicles. Com-
pared with 2019, the COs-emissions for heavy-duty ve-
hicles should be reduced by 15% in 2025 and by 30% in
2030 (The European Commission, 2019). To comply with
this legislation, concepts are investigated, which combine
highly efficient advanced combustion concepts with electri-
fication on conventional engines. In this paper, we focus on
Reactivity Controlled Compression Ignition (RCCI) with
an electrically-assisted turbocharger (E-turbo).

RCCI is an highly efficient combustion concept with ultra-
low engine-out NOx- and PM-emissions, where two differ-
ent types of fuels are used (Reitz and Duraisamy, 2015).
This enables the use of a wide range of low carbon and
renewable fuels. A low reactivity (gasoline-like) fuel is
injected in the intake port outside the combustion chamber
and a high reactivity (diesel-like) fuel is directly injected.
By varying the quantities and the start of injection of the
high reactivity fuel, the combustion process can be con-
trolled. The E-turbo consists of an electric machine, which
is installed on the shaft between the Variable Geometry
Turbine (VGT) and compressor of the turbocharger. It
gives the opportunity to either boost the turbocharger or
recuperate energy by adding or storing electric energy in
the battery, respectively. The layout of the studied RCCI-
engine with E-turbo is shown in Fig. 1, including the
Exhaust Gas Recirculation (EGR)-system. Natural Gas
(NG) is used as low reactivity fuel and diesel as high
reactivity fuel. There are three potential benefits of an
E-turbo:

(1) Enhance overall efficiency by recuperating ex-
haust gas energy;
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(2) Increased operating range in terms of air-fuel
ratio;

(3) Impi‘oved transient response of the turbo-
charger by boosting.

In this paper, we focus on (3).

With the addition of an E-turbo to the engine layout,
a new energy management problem arises. Besides the
energy flow of the fuels, the energy level in the battery con-
nected to the E-turbo should be considered. Supervisory
control is required to prevent depletion of the battery, such
that the E-turbo is always able to assist during transients,
and find optimal setpoints for control. In the past, a
controller for RCCl-engines with E-turbo is designed in
Vlaswinkel et al. (2021), which focused on feedback control
of the actuators. However, it lacks a supervisory controller
for energy management. Supervisory control strategies are
proposed in Song et al. (2019); Zhao et al. (2016, 2019);
Zhao et al. (2020) for Diesel engines with E-turbo. Zhao
et al. (2016) uses a non-smooth H., synthesis method,
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Fig. 1. Layout of the RCCl-engine with E-Turbo.
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while Zhao et al. (2019) uses an intuitive approach, which
uses the E-turbo for boosting during transients and acts
as a generator in stationary conditions to return to the
desired energy level in the battery. The supervisory con-
trollers in Song et al. (2019) and Zhao et al. (2020) are
based on Model Predictive Control (MPC). The challenges
of MPC, however, are the requirement of an highly accu-
rate model and the relatively long computational time. To
overcome these challenges, a solution based on Pontrya-
gin’s Minimum Principle (PMP) is proposed in this paper.
The supervisory controller generates optimal references
in terms of the engine’s thermal efficiency for feedback
control, while being charge sustaining.

This paper is organized as follows: In Section 2, the RCCI-
engine with E-turbo is described. The control problem is
introduced in Section 3. In Section 4 and 5, the design of
the low-level feedback controller and supervisory controller
is discussed, respectively. For a World Harmonized Tran-
sient Cycle, simulation results are presented in Section 6.
Finally, conclusions are drawn and directions for future
research are sketched in Section 7.

2. SYSTEM DESCRIPTION
2.1 Engine layout

The studied RCCI engine is based on a 13 liter, 6-cylinder
heavy-duty engine. The layout of the engine is depicted in
Fig. 1. The air path consists of a turbocharger with com-
pressor and Variable Geometry Turbine (VGT), a cooled,
high pressure Exhaust Gas Recirculation (EGR) system
and an intercooler. With respect to the baseline EURO-
VI Diesel engine, two modifications are done. Firstly, an
electric motor-generator, which is connected to a battery,
is implemented on the turbocharger shaft. Secondly, the
fuel path is modified. In addition to the standard common
rail direct injection system for Diesel, a port fuel injection
system is added to inject Natural Gas (NG) upstream of
the intake valves.

This work focuses on energy management. Therefore, the
relevant energy flows for the studied RCCI engine are
depicted in Fig. 2. This figure shows the brake power
output Pprake at the crankshaft and the fuel energy input:

quel = mgas . LHVgas + mdiesel . LH‘/diesel (1)

where 1 is the fuel mass flow and LHV indicates the
fuel’s lower heating value. Corresponding values are listed
in Table 1. The remaining energy flows are discussed in
more detail in the modelling part.

2.2 Control-oriented engine model

To model the RCCI engine, the standard mean value
engine model, see e.g. (Wahlstrom and Eriksson, 2011), is
adapted. In state space form, the modified engine model
is given by:

&= f(z,u,w,t) (2)
with state vector:

xT - [pim ﬂm XO,im Pem XO,em wt];

where pim, Pem; X0,im, and Xoem are the pressure and
oxygen concentration in the intake- and exhaust man-
ifold, respectively. Ti, denotes the temperature in the
intake manifold and w; is the rotational speed of the
turbocharger. The control input vector is given by:

T . .
U™ = [Mgas Mdiesel USOTLdiesel UBEGR UvTG PrM],

with fuel mass flows 1gas and 7hgiesel, Diesel injec-
tion timing usor,diesel;, EGR valve and VTG position

ugcr and uyrg, and electric machine power Pgy. Ex-
ternal disturbance vector w includes the engine speed we.
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Fig. 2. Main energy flows in the RCCl-engine with E-
turbo.

Quadratic polynomial regression models are used to cap-
ture the behaviour of the RCCI combustion process within
the operating range of interest:

Yy = g(mf,cqva BRv USOI,diesel s >‘a XEGRa ﬂvc) (3)
with:
yT = [IMEPg XO,cm cho Pevo CAE)O]?

where Tive, Tevo and pevo are the temperatures and pres-
sure at inlet valve closing and exhaust valve opening in the
cylinder, respectively. A is the air/fuel ratio, Xggr is the
EGR-rate in the intake manifold, and BR is the energy-
based blend ratio (see e.g. (Verhaegh et al., 2022)). BR and
equivalent fuel-mass flow 1y oy are transformations of the
fuel mass flows in (1), with 7t eqv = "diesel/(1 — BR).
The gross indicated mean effective pressure is denoted
with M EP,, while CAsg indicates the combustion phas-
ing. Quadratic polynomials showed sufficient accuracy for
control purposes, without overfitting the limited available
data. The main model modifications for the E-turbo im-
plementation are discussed in more detail in the sequel.

E-turbo model  To describe the effect of the motor-
generator on turbocharger dynamics, its power balance is
modified in the following way:

dwt nmPt_Pc+PEM
- 4
pn (4)

with turbine power P, compressor power P, inertia Ji,
and the added mechanical power of the electric machine
Pgnv- The mechanical efficiency of the turbocharger, ny,,
is a function of w¢, uvaT, Pem, the post-turbine pressure
and the temperature of the electric machine.

Jywy

Battery model  The battery acts as a storage device
for energy. The chemical power inside the battery, P,
is modeled with quadratic losses and depends on the
electrical power Pay:

1—1—45Pa

Ps = 25 (5)
with
R
5 = W(?C (6)

The used values for the battery parameters can be found
in Table 1.

The relation between the electrical battery power P,
and the mechanical power Pgy provided by the electric
machine at the turbocharger shaft is given by:

nemPem if Pem < 05
Pbat -

1
— PrMm if Pgy > 0. (7)
NEM

where Pgy > 0 represents the boosting mode and energy
is recuperated from the turbocharger for Pgy < 0.
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Table 1. Overview of parameters of the Diesel-
Natural Gas RCCl-engine with E-turbo.

Parameter: Value: Unit:
Displacement volume (V3) 13.0 1
Number of cylinders (n¢y1) 6 -
Lower heating value natural gas (LH Vgas) 38 [MJ/kg]
Lower heating value diesel (LH Vgjegel) 42 [MJ/kg]
Electric machine max. power (PgM,max) 20 kW]
Electric machine efficiency (ngnm) 95 [%]
Rotational inertia (J;) 0.77 [g'm?]
Number of battery cells (n) 250 -
Battery internal resistance (R) 0.01 Q]
Battery nom. open-circuit cell voltage (Uoc) 3.3 V]
Battery max. storage capacity (Es max) 2.0 [kWh]

Based on the chemical power extracted from the battery,
the energy level in the battery (Fj) is given by:

te

Eq(t) = Py(t) dt. (8)

to
Then, the state of energy (SoFE) is defined as:

SoE(t) = B o0y (9)

s,max

where Eg max is the maximum battery storage capacity.

3. CONTROL PROBLEM

In order to design a controller for the RCCI-engine with
E-turbo, the control problem is formulated. First the high-
level control objectives are given, followed by the control
architecture. The section concludes with the controlled
outputs used in the controller.

8.1 High-level control objectives

The RCCI engine controller aims to realize the requested
engine torque with maximal overall energy efficiency, while
meeting constraints for safe operation and for tailpipe
emissions. For RCCI engines, safe and stable operation is
challenging (Paykani et al., 2021); this advanced combus-
tion concept is sensitive for changing operating conditions.
Consequently, the RCCI engine controller needs to avoid
misfires at low load operation and to avoid damage as-
sociated with unacceptable peak in-cylinder pressure and
pressure rise rates at high load.

3.2 Control architecture

The control architecture to achieve the control objectives,
is given in Fig. 3. The controller consists of two parts;
the supervisory controller and the feedback controller.
The supervisory controller determines references for the
feedback controller, depending on the engine speed w, and
torque request 7.. A part of the supervisory controller is
the energy management for the energy level in the battery.
The feedback controller ensures that the references are
tracked, under disturbances d and measurement noise m.

Wes Te | Supervisory | I T~ € u
controller
y
|
d
>| RCCI-Engine
with E-turbo

+ m
{ Observer 4—017

Fig. 3. Engine control architecture for RCCI-engine with
E-turbo.
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8.8 Selected controlled outputs

To reach the control objectives with the control inputs of
(10), an appropriate selection of controlled outputs has to
be made. To maximize the overall engine efficiency, the
combustion phasing C'Asg is used as controlled output
to be able to maintain the optimal combustion phasing.
The pressure difference dp across the engine is selected
due to its relation with the pumping losses and air-
fuel ratio A to have precise control of the amount of
air. Furthermore, it turned out that air-path actuators
uygT and Pgy have good controllability of dp and A,
which makes them suitable as controlled outputs. With
the gross indicated mean effective pressure /M EP,, the
power output of the engine can be controlled. Within
the investigated operating range, safety constrains are not
violated. The controlled outputs r become, therefore:

v’ = [IMEP, CAso dp \.
where dp = Pern — Pim-

4. FEEDBACK CONTROLLER

As feedback controller, a dynamic decoupling feedback
control structure is developed to cope with the different
dynamics of the VGT and E-turbo and meet the control
objectives defined in Section 3.1. The main purpose of
the feedback controller is tracking the defined references
as close as possible and reject disturbances. Since the
references are selected such that maximum brake thermal
efficiency is achieved, any deviation from these references
results in sub-optimal engine operation. For feedback con-
trol, we will use the following control inputs:

T . .
u' = [IMgas Mdiesel UvaT PeM]

Two control inputs usor,diesel @and uggr are disregarded
from the feedback controller due to their lack of controlla-
bility for given r and will be controlled open-loop.

Since the E-turbo acts directly on the turbocharger dy-
namics while the VGT lags due to the air-path dynamics,
the two control inputs have strongly different dynamics
on the controlled outputs dp and A. To overcome this
challenge, we use a dynamic decoupling feedback control
structure, as can be seen in Fig. 4. The feedback controller
consists of controller C(s) and decoupler D(s).

The dynamic decoupling D(s) takes the dynamics of the
system into account and inverses the system over its
complete frequency domain:

D(s) = H (s). (10)

H(s) is identified by multisine system identification at one
operating point.

To prevent inverting couplings that are not or barely
present, some couplings are set to 0. Based on the system
identification, the couplings that are set to 0 are fuel-
path control inputs 7ig,s and 1Mgiesel to dp and the air-
path control inputs uyer and Py to IM EP, and CAso.

r o+ e i Uu

C(s) D(s) Y

- —d’H(S)T
+rx m

S

+

Fig. 4. Dynamic decoupling feedback control structure
with dynamic decoupler D(s).
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Fig. 5. Dynamic decoupling estimations of inverse plant at
we = 1000 [RPM] and i eqv = 130 [mg/inj].

Based on this information, decoupler D(s) has following
structure:

dngsg d12E83 0 0
d21 S d22 S O 0
D(s) = ds31(s) dsa(s) ds3(s) dza(s) )

(
da1(s) daz(s) das(s) daa(s)
Each term d;;(s) within matrix D(s) is estimated based
on first-order functions:

dij(S) = kc + kd .S (12)

where k. and kq are manually selected to estimate D(s).
The inverses of the frequency responses up until the
highest frequency possible are fitted with minimal error
in magnitude. In Fig. 5 the frequency responses and their
estimation are visualized.

Feedback controller C(s) has following structure:

C(s) = diag (c1(s), ca(s), c3(s), ca(s)) (13)
where ¢;(s) are individual feedback controllers. ¢;(s) con-
sists of a Pl-controller in combination with a first- and
second-order low-pass filter:

1

ci(s) = K, <1+[§i) e

st 1 (14)

1 2 1.4
(27Tflp2)25 + 27Tf1p2S +1

where K, and Kj are the tuning gains for the PI-controller,
and fip1 and fip are the frequencies for the first-order and
second-order low-pass filters respectively. The filters are

required to avoid high gains at high frequencies, which are
amplified by the derivative terms of (12).

Table 2. Gains of controller C(s) and the result-
ing design criteria for the closed-loop system at
we = 1000 [RPM] and g eqv = 130 [mg/inj]..

IMEP; CAsxo dp A
Controller: ci(s) ca(s) cs(s) ca(s)
Gains:
Kp [ 0.5 0.5 0.6 0.6
K; [ 10 10 10 10
fip1 [HZ] 2 2 1 1
fip2 [Hz] 3 3 not present 3
Design criteria:
weo [Hz] 0.8 0.8 0.8 0.8
MM [dB] 3.6 3.9 2.3 3.0
PM [°] 70.9 68.4 46.8 79.7

A bandwidth (we,) of 0.8 [Hz] is achieved for all four feed-
back controllers. This is done by loop shaping, following
the same approach as in Verhaegh et al. (2022). The band-
width is defined as the open-loop cross-over frequency,
where |[CDH| = 0 [dB]. The targeted stability margin is a
modulus margin (MM) of maximal 6 [dB]. All controllers
are designed such that the phase margin (PM) is at least
30 [°], see Table 2. Furthermore the generalized Nyquist
criteria is evaluated to guarantee stability of the closed
loop MIMO system.

5. SUPERVISORY CONTROLLER

Figure 6 shows the proposed supervisory control architec-
ture for energy management. In the control input vector
u(t) there are four actuators. The two fuelling inputs are
used to track TIMEP, and rca,,. The remaining uwyg and
Pg\ are available in the supervisory controller to ensure
that the energy level in the battery is charge sustaining,
while minimizing the fuel consumption. From Fig. 7, it is
concluded that A and dp can be independently controlled
using uyrg and Pgy. This figure also clearly illustrates
the potential increase of the operating range due to the E-
turbo in the studied operating point. The optimal settings
corresponding to minimum fuel consumption, and thus
maximal overall engine efficiency, are indicated by the pink
line in Fig. 7. Furthermore, this figure illustrates that an
increased Pgy results in decreased fuel consumption. This
reduction is associated with reduced pumping losses. Note
that battery SoF is not taken into account.

As illustrated in Fig. 6, a three step approach is followed
to guarantee optimal performance:

(1) For each engine operating point (we, Porake), an
optimal VT'G position u{;pq is determined by off-line
optimization. This setting is optimal for a specified
Pr, as illustrated in Fig. 7;

(2) Selected u3r is input to the optimal control problem
to determine the fuel-optimal Pgy;;

(3) Based on the selected uipq and Py, the correspond-
ing references for 74, and r) are determined from
Fig. 7.

Within the investigated operating range, the designed
feedback control in Section 4 was sufficient in terms of
stability. To accomplish stability for a larger operating
range, a dense grid of local feedback controllers is required.

Supervisory control

TIMEP,

We, Te Look-up

TOA,
tables Oz

Tdp

T

[
1

Tdap = dp(P*'E*M, gthTv Phorake)
™ = A(PEMvuVGTv Pbrake)

uf/GTT

[ P P Fim
| (g (Porakes Piin)

¥

H = quel(PEM7 U{IGT» Pblfake) - ’YPS
Search for minimum Hamiltonian

Energy management

Fig. 6. Supervisory controller structure. References r are
input for the feedback controller designed in Section 4.
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S0 1|l—Pem=5 [k‘I/V]

Fig. 7. Controllability of dp and A using uygt and Pgy.
Purple line indicates operational settings for minimal
fuel consumption at Ppake=130 kW.

5.1 Optimal control problem

For energy management, the optimization problem is for-

mulated as follows:
te

min J = quel(PEMa u;k/GT> Pbrake)dt (153)
u(t) to
such that:
Ey(t) = PA1) (15)
E(t) = Ei(to) (15¢)

with decision variable u(t) = Prnm(t). As specified by (15¢),
we aim for a charge sustaining solution over the studied
time window.

5.2 Optimal solution

The optimization problem of (15) is solved using Pon-
tryagin’s Minimum Principle (PMP). Based on (15), the

Hamiltonian H can be written as:
1—+/1—4BPy.
28

To find the optimal control inputs u*(t), two necessary
conditions are given using PMP. Firstly, the following
equation can be derived for the co-state v :

o OH

As a result, the optimal input corresponds to a constant
co-state value. Solving the second necessary condition
9 .
(OPIE{M =0) gives:
0= IQtuer (PrM; Wygr, Porake)
0Pem

1—4/1—48Pya¢
N7 —") OPhu

OPyat 0Pgm

H= quel(PEM7 Ut/G’IH Pbrake) - (16)

=0 (17)

(18)

-

The supervisory control should ensure that the engine
always operates on the optimal fuel consumption line,
whereby variations in Pgpy are allowed to end up with
a charge sustaining strategy. For each Piaxe and Pgu,
the stationary optimal control input u3,g is determined
(see step 1). By evaluating the complete operating range,
war(Porakes Penv) is derived. This is stored in a look-up
table or described by a regression model.

6. SIMULATION RESULTS

To assess the potential of the designed controller, simu-
lations are performed for a real-world scenario based on
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a World Harmonized Transient Cycle (WHTC). Due to
model limitations, the original WHTC has been modified:
we is fixed at 1000 [RPM] and IM EP, is clipped between
8 and 20 [bar]. Two aspects are studied: the effect of the
E-turbo on transient performance and the potential of
energy management. Therefore, the following three cases
are studied:

(1) Without E-turbo.
(2) With E-turbo, without energy management.
(3) With E-turbo, with energy management.

References r are operating point dependent setpoints and
are determined by off-line optimization with Pgy = 0 [kW]
for cases 1 and 2. For case 3, rca,, and riMEP, are the
same as in case 1 and 2, while rg4, and ry are determined
by the supervisory controller (see also Fig.6). The overall
cycle results are summarized in Table 3.

6.1 E-turbo effect on transient performance

In Fig. 8, the results of Case 1 and 2 are shown. It is
seen that application of the E-turbo reduces substantially
the tracking error eq, and ey. The mean absolute tracking
€abs,dp and Eaps x Over the complete cycle decreases by
95.0 and 92.3 [%)] respectively, see Table 3. Analysing the
control inputs learns that the E-turbo is predominantly
active during transients, while the slow air path dynamics
are captured by the VGT. By boosting (Pgy > 0) or
energy recuperation (Pgy < 0) with the E-turbo, more
direct control of A\ and dp is feasible via relative fast
changes in turbocharger speed. Consequently, rx and 74p,
which are associated with optimal combustion, are tracked
more closely in Case 2. This leads to a decrease in total fuel
consumption (Mmgas + Maiesel ), as illustrated in the bottom
right-hand figure for Case 2 compared to Case 1.

To assess the overall energy efficiency benefit, the corrected
cumulative brake specific fuel consumption is introduced,
which compensates for the change in SoF:

BSFC (t) — fg (mdiesel(t) + mgas(t)) dt (19)
- fot(Pbrake(t) — Ps(t)) dt

where Ps(¢) is the chemical power of the battery as in (5).
When energy is distracted from the battery over the cycle,
the term Pprare — Ps increases, so BSFC.,, is reduced for
the same fuel input. From Table 3, it is concluded that
BSFCy is reduced by 0.61 [%] in Case 2. However, this
is realized while depleting the battery from SoE=50% to
39.45%. This emphasizes the need for a supervisory control
with energy management in order to end up with a charge
sustaining strategy.

6.2 Potential of energy management

In Fig. 9, simulation results are shown for the supervisory
controller (Case 3). These results are compared with
Case 2 (without energy management). The co-state 7 is
found by manual tuning and is fixed at -1.48 to end

Table 3. Comparison of cycle results for track-
ing performance, SoE and BSFCy;.

Case 1 Case 2 Case 3
€abs,IMEP, |0ar] 0.297 0.169 (-43.1%) 0.169 (-43.1%)
€abs,C Aso g[OCA} 0.130  0.091 (-30.0%) 0.094 (-27.7%)

€abs,dp |kPal 15.542  0.780 (-95.0%) 1.315 (-91.5%)

€abs, A 7] 0.130  0.010 (-92.3%) 0.010 (-92.3%)
ASoE(tr) [%] - -10.55 +3.99

BSFCecor(te) [g/kWh] 178.03 176.94 (-0.61%) 176.89 (-0.64%)




Preprints, 2022 IFAC AAC
Columbus, Ohio, USA, August 28-30, 2022

Control input uygr (%]

Control input Py kW]

A BN
AT

675 O 500 1000 gp5 g50 675
Tracking error eq, [kPa] Tracking error e) [—]

i . )
-1 {maimi

675 O 500 1000 gp5 g50 675
Difference total fuel consumption [g]

201
0 500 1000 go5  gs0

0 500 1000 625 650
State of Energy (%]

—— Case 1 0
60 Case 2

-20

50 40 -
40 8 2
[ ——a—]
o -60
0 500 1000 “2o5  es0

B
675 O 500 1000 “gp5 50 675
Time [s] Time [s]

Fig. 8. Comparison of Case 1 and 2 with w, = 1000 [RPM],
UEGR — 0 [%] and USOI,diesel = —80 [OCAaTDC].

up with a close to charge sustaining strategy over the
simulated cycle. The supervisory controller determines
different references for dp and A compared to Case 1 and
2; these fuel optimal settings are found by moving over
the purple line in Fig. 7 for varying Pgyr. This results in
reduced new control inputs wuygr. As illustrated in the
bottom left-hand figure, up to t=170 [s] the battery is
charged for the selected co-state setting. This corresponds
to a higher setpoint r4, and a lower setpoint 7. After this
initial phase, battery charging and depleting is balanced
over the remaining part of the cycle. Due to these new
control inputs, a strategy close to charge sustaining is
obtained. However, the charging of the battery is at the
cost of fuel. The bottom right-hand figure shows the
increased total fuel consumption in Case 3 compared to
Case 2. From this figure, it is concluded that the optimal
setpoints selected by the supervisory controller are less
fuel efficient than for Pgy = 0 (Case 2). Over the cycle,
a cumulative BSFCqo, of 176.89 [g/kWh)] is found, which
is nearly identical to the result in Case 2. This is mainly
due to the correction for the energy level in the battery
n (19). Comparing Case 3 with Case 1 shows that the
E-turbo with supervisory controller is able to reduce the
cumulative BSFCqo, with 0.64 [%], while the battery is
not depleted.

7. CONCLUSIONS AND FUTURE RESEARCH

In this paper, a new energy management strategy is pre-
sented for RCCl-engines with E-turbo. Where earlier work
on RCClI-control focused on feedback control, this work
considers both supervisory and feedback control. The con-
troller consists of a dynamic decoupled feedback controller
to cope with the different dynamics of the VGT and E-
turbo, and a PMP-based supervisory controller to obtain
a charge sustaining strategy. It is shown that the addition
of an E-turbo results in a decrease in fuel consumption
of 0.64 [%] over the studied cycle. This is mainly caused
by the improved transient response during boosting as
well as energy recuperation. Whether similar results can
be achieved on an actual engine set-up with disturbances
and uncertainties is part of future work. With energy
management, it is possible to obtain a charge sustaining
strategy without increasing the fuel consumption. Further
research will focus on extending the model and controller
to deal with the whole operating range of the engine.
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