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Abstract— Electrified turbocharger is a critical technology for
engine downsizing and is a cost-effective solution for exhaust gas
energy recovery. In conventional turbocharged diesel engines,
the air path holds strong nonlinearity since the actuators are all
driven by the exhaust gas. In an electrified turbocharged diesel
engine (ETDE), the coupling is more complex, due to the electric
machine mounted on the turbine shaft impacts the exhaust
manifold dynamics as well. In distributed single-input single-
output control methods, the gains tuning is time consuming and
the couplings are ignored. To control the performance variables
independently, developing a promising multi-input multi-output
control method for the ETDE is essential. In this paper, a model-
based multi variable robust controller is designed to control the
performance variables in a systematic way. Both simulation and
experimental results verified the effectiveness of the proposed
controller.

I. INTRODUCTION

In the Paris Climate Change Conference 2015, countries
of the world have made an agreement that to limit the global
average temperature increase below 2 °C, with an aspiration
of below 1.5 °C above the pre-industrial level [1]. Hard
efforts need to do to reduce greenhouse gas (GHG) emissions
effectively in the following decades. Transportation sector
accounts for about a quarter of GHG emissions and a
half of global oil consumption, which is the the second
largest source of GHG emissions [2]. The fuel consumption
reduction in transportation sector is a global critical issue.

Engine downsizing is proven as the most promising ap-
proach in fuel consumption reduction [3]-[5], which uses
a smaller capacity engine to provide the power of a larger
engine. The downsized engine allows a larger area of its
operating range to be more efficiently used for most of
the time, since the average engine operating points become
closer to its high fuel efficiency zone. At high loads, the loss
of reduced engine displacement is compensated by effective
air charging. Variable geometry turbocharger (VGT) is an
effective turbocharging technology, which has been widely
used in modern diesel engines. The VGT can provide power
to drive the compressor running at different desired boost
levels by tuning the effective nozzle area. In VGT-equipped
engines , for part of the exhaust gas energy is used to
accelerate the turbine shaft speed for boosting, both engine
transient response and fuel economy are improved. However,
the turbo-lag in the VGT is still non-negligible. To overcome
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Fig. 1.  Electrified turbocharger, C: compressor; T: turbine; B: battery;
EMG: electric motor/generator

the transient performance limitations, a fast boosting system
is required to work cooperating with the VGT [6], which is
the motivation for the electrification of turbo-machinery [7].
The electrified turbocharger is the cutting edge e-boosting
system for its high efficiency.

The electrified  turbocharger has an electric
motor/generator (EMG) mounted on the turbine shaft,
as shown in Fig. 1. At low engine speeds, the energy is
used to assist the turbine shaft. In this case the electrified
turbocharger works as a power assist system and therefore,
the turbo-lag is greatly minimized. At engine high power
regions, the energy is extracted from the turbine shaft to
the energy storage, which indicates part of the exhaust
gas energy is recovered. The energy storage is placed as a
buffer that either supplies energy to assist the compressor
or absorbs energy from the exhaust gas. Compared with
the electric turbocompounding, the electrified turbocharger
has less pumping losses in the initial phase and less
mechanical losses. Therefore, the electrified turbocharger is
seen as the prime candidate for the electrification of turbo-
machinery. The mainstream diesel engine and turbocharger
manufacturers have developed [8]-[10] or are developing
their own prototype electrified turbochargers [11], as shown
in Fig. 2.

Developing effective control methods for electrified tur-
bochargers is critical to explore the maximum potential of
downsized engines. Although some efficiency mapping work
have been done in experiments [12]-[16], a proper control
solution is still lacking. A multi-variable control framework
of an electrified turbocharged diesel engine (ETDE) is pro-
posed in this paper, and it is successfully validated on a
state-of-the-art electrified engine test chassis.
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The paper is organized as follows. After the introduction
in section I, the ETDE model is described in section II. The
controller design is presented in section IIl. Experimental
validation results are demonstrated in section IV. Finally, the
conclusions are summarized in section V.

II. SYSTEM DESCRIPTION AND CHARACTERIZATION

The layout of the ETDE is illustrated as Fig. 3, while
the essential variables is listed in Table 1. The electrified
turbocharger is composed of a compressor, a turbine, and an
EM on the turbine shaft. The turbine takes exhaust gas energy
to power the compressor for fresh air delivery. The EGR
loop feeds back part of exhaust gas to the intake manifold,
to lower the combustion temperature for NO, reduction.
The control-oriented mean value model of a turbocharged
diesel engine can be found in [17]. The EM can be used to
accelerate or decelerate the turbine speed, so it is also called
the electric turbo assist (ETA). A switched reluctance motor
(SRM) is selected as the EM for it is an excellent option in

TABLE I

NOMENCLATURE

Variable  Description Unit
N Engine speed rpm
T, Engine load Nm
Wy Engine fuelling rate kg/s
We Compressor air mass flow rate kg/s
Wegr EGR mass flow rate kg/s
Wi Turbine gas mass flow rate kg/s
P, Compressor power kW
P Turbine power kW
Pem EM power kW
Py Power to overcome bearing losses kW
Py Power to overcome windage losses kW
Pin Intake manifold pressure kPa
Pexh Exhaust manifold pressure kPa
Pam Ambient pressure kPa
Tam Ambient temperature K

w Turbine speed rpm
T Turbocharger time constant s

Ne Compressor isentropic efficiency -

e Turbine isentropic efficiency -
Nm Turbocharger mechanical efficiency -
Xegr EGR valve position -
Xvgt VGT vane position -
cp Specific heat at constant pressure, 1.01  kJ/(kgK)
Co Specific heat at constant volume, 0.718  kJ/(kgK)
o 1—cv/cp -

extra-high speed applications thanks to its simple structure.
The simple SRM structure results in a high rotor temperature
capability and no concern about the high cost of rare-earth
materials. The ETA can work in both assisting (motoring)
mode and harvesting (generating) mode. In assisting mode,
the ETA extracts energy from the battery to assist boosting.
In harvesting mode, the additional turbine torque resulting
from exceed exhaust energy causes a power flow to the
battery.

The dynamics of the turbocharger can be modeled as a
first-order lag power transfer function with time constant 7:

. 1
Pc:;(Pt""Pem_Pbl_Pwl_Pc)- (1)

Using the mechanical efficiency to represent energy losses,
(1) can be represented as

1
(nm(Pt+Pem)_Pc)~ (2)

T

W. is related to P, by
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The key in the control of the diesel engine to follow
exhaust emission regulations is keeping fair values of air-
fuel ratio and EGR fraction. In the air path variables of
the ETDE, p;, and p.,; determine the amount of gas to
boost the compressor for fresh air delivery, and W, decides




the amount of feedback exhaust gas. Therefore, the control
variables are selected as
T

Y= [pina Pezh, Wegr] s 5)
with the control inputs of
T
U= [ngta Pem7 Xegr] . (6)

By regulating each element in y independently, the desired
air path dynamics of the ETDE is expected to achieved in
both transients and steady states.

III. ROBUST CONTROLLER DESIGN

The single-input single-output (SISO) proportional-
integral (PI) controllers are widely used in the control of con-
ventional turbocharged diesel engines, while p;,, and W,
are controlled by x4 and x.g., respectively. The gain values
of PI controllers are generally tuned in off-line calibration.
However, in the ETDE, the dynamics have been significantly
changed, therefore the controllers require to be re-designed,
which is a time-consuming work. Considering strong internal
interactions among different loops, designing a model-based
decoupling multi-input multi-output (MIMO) controller is a
feasible approach. The H., control is employed to build
the decoupling controller for its advantages over internal
couplings.

A. Control Problem Formulation
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Fig. 4. Closed loop control diagram

A general closed loop control diagram is shown as Fig.
4. It is expected that the system can behave both high per-
formance and high robustness in face of model uncertainty
AP(s) and measurement noise w. The transfer function from
w to y is denoted as the sensitivity function S(s):

S(s) = 1/(1+ K(s)P(s)) , )

with P(s) and K(s) are the trasfer function of plant and
controller, respectively. The transfer function from reference
y* to output y is G(s), which can also be denoted as the
complementary sensitivity function:

T(s) = K(s)P(s)/(1+ K(s)P(s)) , (®)
while the loop function is defined as
L(s) = K(s)P(s). )

From the physical point of view, reference commands nor-
mally consist of low frequency components. In contrast,
unmodelled dynamics, model uncertainties, and noises are
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Fig. 5. Training and validation in model identification

mainly composed by high frequency components. To keep
the balance between robustness and performance, S(s)
should be small at low frequencies for good tracking, and
T(s) should be small at high frequencies for good noise
rejection [18]. The controller K (s) is to be designed such
that:

. _|T(s)

%1(15 VT [S(s)} <7, (10)
where & denotes the maximum singular value, and + is the
upper limit. This is to solve a H, problem and very applica-
ble in MIMO systems. Since S(s)+7'(s) = 1 is held for all
frequencies, the control problem is translated to the design of
the open-loop transfer function such that |L(s)| > 1 in low
frequencies, and |L(s)| < 1 in high frequencies. Therefore,
the control problem is further transferred to set the proper
value on crossover frequency for both strong disturbance
attenuation (for tracking) and high robust stability (for noise
rejection) [19]. It is expected to design a suitable L(s) with
the specified crossover frequency w., and the approach is
called H, loop shaping. However, in a MIMO system, the
L(s) has multiple trajectories. Therefore, designing a L(s)
locating within upper and lower bounds for all frequencies
is a more feasible approach.

B. Model Identification

The state space model of the ETDE is to be identified from
the time domain data, where the model order and coefficient
matrices are both to be determined. As an example, the model
identification at the operating point of 1800 rpm and 260 Nm
is illustrated in Fig. 5. The calibration has continued for 800
seconds, while the action ranges of Xuygt, Pem, and Xegr
are limited as [0.2, 0.8], [-1.5 kW, 1.5 kW], and [0, 0.3],
respectively. In the model generation and validation, the first
half 400 seconds data are used for training and the latter half
400 seconds data are used for validation. By comparing the
fitting results, a third-order model with the highest score is
selected as the proper model at the specified operating point.
The fitting score on p;y,, Pegh, and Weg,. are 81%, 79%, and
73%, respectively.
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C. Controller Synthesis

Based on the identified coefficient matrices, the transfer
function of the ETDE model is given as

P(s)=C (s — A" B+ D. (11)

The control target is to design a K (s) such that G(s) ~ 1
at low frequencies and G(s) > 1 at high frequencies. In the
H, loop shaping controller design, a pre-scaling matrix S;
and a post-scaling matrix So are applied on P(s) to make
sure that each input and output are treated equivalently in
the MIMO system:

PS(S) = SQP(S)Sl. (12)

The singular values of the scaled plant Ps(s) are shaped
using a pre-compensator W and a post-compensator W5 to
get the desired loop shape [20], [21]. The weighted plant
model is

Py (s) = WPy (s)W7. (13)

An optimal stabilizing controller K, is to be designed to
minimize the singular value such that [22]:

. Koo —1

Yopr = min { ) } (I - P,Ky) [PwI]H. (14)
The final controller K (s) is constructed by combining Ko,
Wl, WQ, Sl, and SQZ

K =W151KoSaWs. (15)

The H, loop shaping controller is designed in the form
of decoupling PI controllers, as shown in Fig. 6, where
Dins Dogp» and We*gr are the setpoints of p;,, Pexn, and
Wegr, respectively. According to engineering experiences,
the crossover frequencies of all loops are specified in the
band of

we € [1rad/s, 10 rad/s]. (16)

The controller is performed in a Simulink setup via the use
of Matlab function looptune provided in the Robust Control
Toolbox. The Bode diagram of the original ETDE model
P(s) and the resulting closed loop transfer function G(s) at
1800 rpm, 260 Nm are shown in Fig. 7. The loop shaping
results show that the closed loop response is close to 0
dB/decade at low frequencies and roll off with a high rate at
high frequencies, indicating the shaped closed loop control
system achieves both strong noise attenuation performance
and high stability.
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Fig. 7. Singular values of nominal plant and shaped plant

IV. SIMULATION RESULTS

Prior to the experiments, the controller has been validated
on an ETDE mean value model in Simulink, while the
model is identified from calibration data on a heavy-duty
ETDE in the test cell. The engine operating point is selected
as 1800 rpm, 260 Nm, while the engine model at this
point has been identified in Section V. Using the Matlab
command looptune, the decoupling matrix, together with the
proportional and integral gains of the PI controllers in the 3
loops are built as following:

—0.0774 —0.0606 —47.46
D. = 0.0757 —-0.0092 184 |,
0.4879  0.0987  602.8

Kp = [-0.0007 0.0725 0.0005]",
K;=[0.776 3.8 0.0272]" .

The initial values of the setpoints are chosen as
y* = [150 kPa 200 kPa 0.02 kg/s]" .

Step changes on the command signals are made on pj,, p; ;.

and W7, at 10's, 20 s, and 30 s, respectively. After the step

changes, the command values are

y* = [190 kPa 260 kPa 0.03 kg/s] " .

The tracking performance is evaluated in Fig. 8. All the
performance variables are tracked fast and accurately. When
step changes occur on command values, small spikes are
observed but the trajectories are attracted to the updated com-
mand values quickly. The controller addresses the tracking
of multiple variables in a systematic manner. The simulation
results validate the effectiveness of the proposed controller,
and build the confidence to expand to experimental tests.

V. EXPERIMENTAL RESULTS

The experimental platform is shown as Fig. 9. The inves-
tigated engine is a six-cylinder, 7.01-L heavy-duty engine
with rated power of 225 kW at 2200 rpm and a rated
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Fig. 9. ETA-fitted heavy-duty engine experimental platform

torque of 1280 Nm at 1400 rpm. The engine is fitted with
an ETA and a high pressure loop cooled EGR. The ETA
was developed by a consortium led by Caterpillar. Based on
the ETA, several control methods and testing systems were
developed in Loughborough University in simulations [23]—
[25] and experiments [26].

The tracking performance of the proposed 3-input 3-output
(3I30) controller at 1800 rpm, 260 Nm is illustrated in Fig.
10. At the initial stage, step changes are set on p},, between
30 kPa and 60 kPa, while the other setpoints are kept as
constants. The control laws are changing fast to respond the
change on pj,,. When pj,, drops from 60 kPa to 30 kPa, x4t
increases immediately, while P, is pushed from motoring
mode into generating mode. At the same time, X4 reduces
slightly. The actuators work together to achieve a low p;,.
When W/, changes from 100 kg/h to around 0 kg/h at about
180 s, Xegr is forced to shut off. Meanwhile, closing X.4:
and increasing P, both guarantee the steady value of p;,
and peypn. When p? , drops from 95 kPa to 80 kPa at 360
s, the controller reduces x,4¢ and increases X.qr to achieve
lower pe.n. In additional, P,,, is increased to maintain p;,.
The tracking performance is desirable with variable setpoints
on control variables.

(b) Pexn tracking

20 25 30 35 40 0 5 10 15 20 25 30 35 40
t(s) t(s)

(¢) Wegr tracking

Tracking performance evaluation in simulation

VI. CONCLUSIONS

A model-based MIMO robust decoupling controller of
a newly designed ETDE is given in this paper. Stabil-
ity margins are considered in building the controller and
therefore, strong robustness is held. The proposed controller
showed excellent tracking performance in both transients
and steady states and is applicable in industrial applications.
Experimental results strongly support the effectiveness of the
the proposed controller. This work effectively underpin the
next stage real-time optimization on fuel economy of ETDE.
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