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Abstract—Electrical turbocharger assist is one of the
most critical technologies in improving fuel efficiency of
conventional powertrain vehicles. However, strong chal-
lenges lie in high efficient operations of the device due to
its complexity. In this paper, an integrated framework on
characterization, control, and testing of the electrical tur-
bocharger assist is proposed. Starting from a physical char-
acterization of the engine, the controllability and the impact
of the electrical turbocharger assist on fuel economy and
exhaust emissions are both analyzed. A multivariable ro-
bust controller is designed to regulate the dynamics of the
electrified turbocharged engine in a systematic approach.
To minimize the fuel consumption in real time, a supervi-
sory level controller is designed to update the setpoints of
key controlled variables in an optimal way. Furthermore, a
cutting-edge experimental platform based on a heavy-duty
diesel engine is built. The proposed framework has been
evaluated in simulations, physical simulations, and experi-
ments. Results are presented for the developed system and
the proposed framework that demonstrate excellent track-
ing performance, high robustness, and the potential for im-
provements in fuel efficiency.

Index Terms—Electrical turbocharger assist (ETA), mul-
tivariable control, real-time energy management, system
characterization, testing framework design.

NOMENCLATURE

GHG Greenhouse gas.
EM Electrical machine.
ETA Electrical turbocharger assist.
TDE Turbocharged diesel engine.
ETDE Electrified turbocharged diesel engine.
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VGT Variable geometry turbocharger.
EGR Exhaust gas recirculation.
SRM Switched reluctance motor.
AFR Air-fuel-ratio.
BSFC Brake specific fuel consumption.
NOx Nitrogen oxides.
PM Particulate matter.
SISO Single-input single-output.
NRMSD Normalized root-mean-square deviation.
ECU Engine control unit.
PMSM Permanent magnet synchronous motor.
SOC State of charge.
N Engine speed, r/min.
TL Engine load, N·m.
Wf Engine fuelling rate, kg/s.
We Total mass flow rate to cylinders, kg/s.
Wc Compressor air mass flow rate, kg/s.
Wegr EGR mass flow rate, kg/s.
Wt Gas mass flow rate through the turbine, kg/s.
Pc Compressor power, kW.
Pt Turbine power, kW.
Pem ETA power, kW.
Pb Engine brake power, kW.
Tin Intake manifold temperature, K.
Texh Exhaust manifold temperature, K.
Tegr Mass flow temperature at the EGR outlet, K.
Tc Air temperature at the compressor outlet, K.
Tgas Exhaust gas temperature from the engine, K.
Ta Ambient temperature, K.
pin Intake manifold pressure, kPa.
pexh Exhaust manifold pressure, kPa.
Vin Intake manifold volume, m3 .
Vexh Exhaust manifold volume, m3 .
ω Turbine speed, r/min.
J Turbine shaft moment of inertia, kg/s2 .
ηc Compressor isentropic efficiency.
ηt Turbine isentropic efficiency.
ηv Volumetric efficiency.
ηm Turbocharger mechanical efficiency.
χegr EGR valve opening.
χvgt VGT vane opening.
Rg Specific gas constant, 0.292 kJ/(kgK).
γ Specific heat ratio, 1.4.
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I. INTRODUCTION

IN THE coming decades, efforts are required to achieve the
GHG emissions reduction target made in the Paris Climate

Change Conference 2015. Transportation sector accounts for
approximately one quarter of GHG emissions and half of global
oil consumption [1]. Meanwhile, with the higher demand on en-
ergy, the fossil oil reserve is depleting at a faster pace than in the
past. The fuel consumption reduction in the transportation sector
is now a globally critical issue [2]. Engine downsizing is proven
as one of the most promising approaches to fuel consumption
reduction in vehicles [3]. It is expected a smaller capacity engine
can provide the power previously delivered by a larger engine.
In downsized engines, the average engine operating points are
closer to its high fuel efficiency zone at high loads. Furthermore,
the fuel economy benefits are also achieved through reduced
friction, reduced heat transfer across the cylinder walls, and
reduced pumping losses. The loss of reduced engine displace-
ment is compensated by more effective air charging, where the
predominant technology is the VGT. In VGT-equipped engines,
part of the exhaust gas energy is used to accelerate the turbine
shaft for boosting, therefore both engine transient response and
fuel economy are improved. However, the turbo-lag in the VGT
is still nonnegligible, since the demand torque cannot be satis-
fied immediately due to limited fresh air mass flow. To overcome
the transient performance limitations, a more responsive system
is required to work cooperatively with the VGT, which is the
motivation for developing the ETA [4].

Compared with other electrically assisted boosting systems,
the ETA can achieve higher fuel efficiency than the electric
supercharger [5]–[7] and electric turbocompounding [8]–[10].
The electric supercharger and the turbocharger work as a two-
stage system, with the EM and compressor connected in series.
The electric supercharger increases the intake air mass flow, and
therefore improves the transient response, especially at low en-
gine speeds. However, the fuel efficiency is limited because the
electric supercharger is powered from an external power source
or engine crankshaft [11]. In the electric turbocompounding,
a power turbine is installed downstream of the main turbine.
When the main turbine provides more boosting power than re-
quired, the extra power is recuperated by the power turbine to
assist an EM mounted on the crankshaft. However, there are
mechanical losses in multiple energy transfers and therefore the
fuel efficiency is reduced [12]. In the ETA, the EM is powered
by previously recovered exhaust gas energy stored in a battery,
so lower pumping and mechanical losses are suffered. The de-
velopment of ETA has attracted wide interest from engine and
turbocharger manufacturers. Detroit Diesel has conceptualized
a prototype electrically assisted turbocharger to improve tran-
sient response and enhance exhaust energy recovery capability
[13]. Honeywell presented their early design and development
of electrical assist technology on diesel engines, referred to
as e-Turbo [14]. MHI reported their development of a hybrid
turbo that achieves better combustion and reduced emissions
[15]. However, the diesel exhaust system is a harsh environment
(e.g., high Texh of approximately 700 ◦C) for an EM and as such
designs are still at an early stage.

There are several challenges in developing the ETA. Primar-
ily, a reliable ultrahigh speed EM with small inertia is required
to be mounted on the turbine shaft. Also, the high efficient
thermal regulation is essential to prevent overheating. Recent
technical progresses have been made to overcome the obstacles.
Advances in power electronics have led to the development of
EM, which can run higher than 100 kr/min [16]. By choosing
an EM with simple structure, such as a SRM or a PMSM, the
thermal regulation challenges are reduced. An entirely new ETA
has been recently developed by a consortium led by Caterpillar
Inc. The ETA is used to downsize a 9.3 L engine to 7.1 L [17].

To generalize the application of ETA, the key to the success is
high-efficient online energy management and control. In detail,
the EM should work with other air system actuators in a system-
atic and coordinated manner. To underpin this work, a thorough
characterization of the ETDE is essential. Following the char-
acterization, a control strategy is desired to regulate the energy
flows in intake/exhaust manifolds and exhaust/EGR pipes. To
facilitate demonstration and further development, design of an
open testing platform which is compatible with existing engine
testing chassis is necessary. This paper proposes an integrated
framework on characterization, control, and testing of ETA. The
main contributions of this work are the following.

1) Physical characterization of the ETDE, in particular the
controllability analysis and the impact of ETA on fuel
economy and exhaust emissions.

2) A multivariable robust controller dealing with air system
internal couplings and external disturbances.

3) A real-time energy management module to optimize the
energy flow distribution.

4) An integrated testing framework that is open to various
engine control and testing schemes.

This paper is organized as follows. After the introduction in
Section I, the ETDE is modeled and characterized in Section II.
The multivariable controller and the energy management
module are designed in Sections III and IV, respectively. The ex-
periments are elaborated in Section V. Finally, the conclusions
are summarized in Section VI.

II. SYSTEM DESCRIPTION, MODELING,
AND CHARACTERIZATION

A. System Description

The layout of the ETDE is illustrated in Fig. 1. The ETA
is a single stage turbocharger without waste gate. All of the
engine exhaust gas (after the EGR) passes through the ETA
turbine at all times. The expansion of the exhaust gas across the
turbine produces mechanical power, which is transferred to the
compressor via a common shaft. The compressor converts this
mechanical power into increased pressure of the fresh air into the
engine. The EM can work in either motoring or generating mode.
In motoring mode, the EM extracts energy from the battery to
assist boosting. In generating mode, energy is extracted from the
exhaust gas to charge the battery. When the EM is generating,
some of the mechanical shaft power delivered by the turbine
is converted into electrical power. Therefore, the turbine speed
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Fig. 1. Electrified turbocharged diesel engine.

Fig. 2. SRM and ETA. (a) SRM. (b) ETA.

will decrease unless the VGT vanes are closed to increase the
delivered mechanical power. In the proposed work, a SRM is
selected as the EM because of its simple structure. The SRM
is shown in Fig. 2(a), and the ETA with an integrated SRM is
shown in Fig. 2(b).

To demonstrate the effectiveness of the ETA in improving
transient performance, simulations have been completed on a
CAT C7.1 heavy-duty ETDE model, where the rated power of
the EM is 5 kW. The engine runs at a speed of 1800 r/min, while
the load rises from 100 N·m at 20 s to 800 N·m at 21 s. By ap-
plying different EM power in transients, the six-case results are
illustrated in Fig. 3. In Fig. 3(a), the engine speed drops suddenly
at 20 s because of the load acceptance. With the increasing Pem,
the drop on N gradually diminishes and N recovers faster. This
is because the increased Wc as shown in Fig. 3(b) and increased
pin in Fig. 3(c). This results in increased available air mass in
the cylinder, which allows more fuel to be injected during the
load acceptance, without sacrificing AFR.

B. Modeling and Characterization

Based on the conservation laws of mass and energy, the dy-
namics of the ETDE air system are represented by the pressure

changes on pin, pexh, m1 , and ω as follows:

ṗin =
Rgγ

Vin

(
WcTc + WegrTegr − WeTin − Q̇1

cp

)
(1a)

ṗexh =
Rgγ

Vexh

(
WinTgas − WexhTexh − Q̇2

cp

)
(1b)

ω̇ =
1

Jω
(ηm (Pt + Pem) − Pc) (1c)

ṁ1 = Wc + Wegr − We (1d)

where Win = We + Wf , and Wexh = Wegr + Wt ; Q̇1 and Q̇2
indicate the heat losses in the intake and exhaust manifolds,
respectively. The bearing power losses on the turbine shaft and
windage losses in the ETA are quantified by ηm . Strong non-
linearities exist in the air system for the mass flow exchanges
among the EGR, VGT, compressor, and manifolds. The mass
flow rates and powers can be expressed implicitly as

Wegr = f (pin, pexh, χegr)

We = f (pin, Tin, ηv ,N)

Wt = f (pexh, Texh, χvgt)

Wc = f (pin, ω)

Pt = f (Wt, Texh, pexh, ηt)

Pc = f (Wc, pin, pa , ηc) .

Wegr is modeled as the standard orifice equation, whereas We is
modeled by the speed-density equation. Wt and Wc are modeled
as nonlinear functions with respect to the efficiencies ηt and
ηc , which are generated in offline mapping. The relationship
between power and mass flow on both compressor and turbine
sides are also derived from ηt and ηc .

Physical characterization of the ETA based on simulation
results provides a basis to support the ETDE control. The char-
acterization work is categorized into the following three aspects:

1) the impacts of the ETA on fuel economy;
2) the impacts of the ETA on exhaust emissions;
3) the controllability of the ETDE.

Case studies are made at the operating point of (1800 r/min,
800 N·m), whereas the engine behavior at χegr = 0.3 and
χegr = 0 are both investigated. Simulation results are shown
in Fig. 4. In the case of χegr = 0.3, χvgt are set as 0.2, 0.3, and
0.4, respectively. In the case of χegr = 0, χvgt are set as 0.4, 0.5,
and 0.6, respectively. In both cases, Pem varies from −5 to 5 kW,
with the step of 2.5 kW.

1) Analysis on Fuel Economy: In both Fig. 4(a) and (d),
when χvgt is fixed, BSFC declines when Pem rises, indicat-
ing the fuel efficiency is improved with higher EM motoring
power. There are two reasons for this. First, higher Pem would
lead to an increased AFR with no requirement for more Pt and
therefore, the pumping losses are reduced. Second, the increased
AFR makes the combustion more efficient and consequently, the
thermal efficiency improves as well. When Pem is fixed, BSFC
increases when χvgt is more closed. This is because the turbine
shaft spins faster and then pumping losses and mechanical losses
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Fig. 3. Transient performance evaluation from (1800 r/min, 100 N·m) to (1800 r/min, 800N·m). (a) ω. (b) Wc . (c) pin.

Fig. 4. System characterization at (1800 r/min, 800 N·m). (a) BSFC at χegr = 0.3. (b) NOx at χegr = 0.3. (c) Wegr at χegr = 0.3. (d) BSFC at
χegr = 0. (e) NOx at χegr = 0. (f) Tin at χegr = 0. (g) ω and Wc at χegr = 0.3. (h) pexh and Wc at χegr = 0.3. (i) pexh and pin at χegr = 0.3. (j) ω and
Wc at χegr = 0. (k) pexh and Wc at χegr = 0. (l) pexh and pin at χegr = 0.
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both increase, leading to the reduction in pumping and mechan-
ical efficiency. Although the increased AFR can raise thermal
efficiency, the overall fuel efficiency still decreases [18].

2) Analysis on Exhaust Emissions: The reduction of NOx

is the most critical topic in the latest exhaust emission legisla-
tion. To reduce NOx , the key approach is to reduce the peak
combustion temperatures. There is a well-known “BSFC - NOx”
tradeoff, as can be observed from Fig. 4(b). When Pem is fixed,
NOx declines when χvgt is more closed. This is due to the clos-
ing χvgt leading to more Wegr and the dilution of the fresh air and
therefore, the combustion process is slowed down and the peak
combustion temperature is reduced, as shown in Fig. 4(c). When
χvgt is fixed, NOx increases when Pem moves from generating
to motoring, which is driven by more fresh air being delivered
into the intake manifold and the consequent combustion tem-
perature increases. In the case of no Wegr, the trend changes,
as shown in Fig. 4(e). The average NOx increases significantly
because there is no exhaust gas dilution. When Pem is fixed and
χvgt closes, NOx increases because of better fresh air delivery.
However, when χvgt is fixed and EM shifts from generating to
motoring, NOx declines. This is because the Pem is converted
by the compressor into increased boost, as shown in Fig. 4(h)
and (k). This increases the AFR and improves the closed cycle
efficiency which reduces the BSFC. There is a reduction in Tin,
as shown in Fig. 4(f), which contributes to the decline in NOx .

3) Analysis on Controllability: The EM provides an addi-
tional degree of freedom in engine air system control but also
makes control more complicated. In a conventional TDE, the
main target of air system control is reducing NOx and PM.
From a control point of view, the target can be achieved by
regulating pin and Wc [19]–[21]. However, in the ETDE, max-
imizing the fuel efficiency is an additional target and therefore,
one more independent output has to be introduced. At a spe-
cific engine operating point, the dynamic model (1) needs to
be linearized as linear state space equations to facilitate the use
of existing control strategies. Therefore, the control problem is
formulated as {

ẋ = Ax + Bu
y = Cx

(2)

where x ∈ Rn , u ∈ R3 , and y ∈ R3 are the state vector, input
vector, and output vector, respectively; A, B, and C are coef-
ficient matrices. It is required that (2) is controllable. In other
words, the variables in x should be linearly independent. The
selection of x are supported by the dynamic analysis. Strong
couplings exist between the intake manifold and the turbine
shaft, which can be explained by physics. The enthalpy in the
exhaust gas speeds up the turbine, which is a relatively slow pro-
cess. The rotational motion of the compressor blades transfers
this kinetic energy to the fresh air, which is a fast process. As
illustrated in Fig. 4(g) and (h), there is an almost linear relation
between Wc and ω. Therefore, ω cannot be selected as the out-
put due to the linear dependence. As a comparison, Fig. 4(h) and
(k) show pexh is well decoupled from Wc according to differ-
ent settings on both χvgt and Pem. It also can be observed from
Fig. 4(i) and (l) that pexh and pin are linearly independent. This
proves the EM decouples the exhaust manifold and the intake

Fig. 5. Control structure of the ETDE.

manifold. As a consequence, the outputs in the ETDE should
be chosen as pin, pexh, and Wc . In the steady state or slow tran-
sients, Wc + Wegr = We is held and We can be computed by
We = ηvpinVdN/ (120TinRg ) , so Wc can be replaced by Wegr

[22]. As a summary, the physical states, inputs, and outputs are
selected as

x =
[
pin, pexh, Wegr

]T

u =
[
χvgt, Pem, χegr

]T

y =
[
pin, pexh, Wegr

]T

and thereafter (2) is guaranteed to be a controllable system.

III. MULTIVARIABLE CONTROLLER DESIGN

In a conventional TDE, pin and Wc are controlled by χvgt

and χegr separately. In the ETDE, the connected targets of max-
imizing fuel economy and minimizing exhaust emissions re-
quire a more organized control of the augmented actuators. This
requires consideration of both internal couplings and external
disturbances. The control structure of the ETDE is to be built
as Fig. 5. The ETDE has been characterized by nonlinear dy-
namics. A supervisory level controller behaves as the energy
management module to generate the setpoint p∗exh in real time.
The other two setpoints, p∗in and W ∗

egr, are exported from the
ECU according to offline calibration.

A. Control Problem Formulation

The transfer function from y∗ to y is denoted as G(s). The
transfer function from the noise w to y is denoted as S(s), where
w is caused by vibration and heat release. G(s) and S(s) are
expressed as

G(s) = K(s)P (s)/(1 + K(s)P (s))

S(s) = 1/(1 + K(s)P (s)) (3)

where K(s) and P (s) are the multivariable controller and lin-
earized ETDE model, respectively. When the engine runs in a
dynamic profile, K(s) is gain scheduled in different speed-
load regions. The open-loop transfer function is denoted as
L(s) = K(s)P (s). It is expected that K(s) can achieve both
accurate tracking and high robustness in the face of w. The refer-
ence commands are mainly low frequency signals and noises are
mainly high frequency. Since G(s) + S(s) ≡ 1 is held, design-
ing K(s) is translated to the design of L(s) such that |L(s)| � 1
in low frequencies and |L(s)| � 1 in high frequencies. In other
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Fig. 6. Training and validation data at (1800 r/min, 800 N·m) for model identification. (a) Inputs of the training data. (b) Outputs of the training data.
(c) Outputs of the validation data.

words, designing K(s) is transferred to design a suitable L(s)
with the specified crossover frequency ωc . The control problem
should be solved in two steps. First, a prefilter W (s) is to be
designed such that σ(Ps(s)) ≈ σ(Pd(s)) is held in a specific
frequency range ω ∈ [ωmin, ωmax], where Ps(s) = W (s)P (s)
is the shaped ETDE model, Pd(s) is the desired profile, and σ
denotes the singular values. Then, a desired controller Kd(s)
should be designed over Ps(s) to balance tracking and robust-
ness. The final controller is built as K(s) = Kd(s)W (s).

B. Model Identification

The ETDE linear model P (s) is identified from the time
domain data. The general procedure of model identification in-
cludes model training and validation. Two groups of experimen-
tal calibration data (u(t),y(t)) are generated independently,
which are treated as training set and validation set, respectively.
The model is identified from the training set. Then, u(t) in the
validation set is applied to the identified model to produce pre-
dicted outputs. As an example, two calibrations were made at
(1800 r/min, 800 N·m). Both the calibrations have continued
for 600 s, whereas the action ranges of χvgt, Pem, and χegr are
limited as [0.1, 0.5], [−3 kW, 5 kW], and [0, 0.5], respectively.
The iterative ssest algorithm is employed to identify the model.
The NRMSD is introduced to quantify the fitting results, and
the model with a good NRMSD value would be selected. For
the ith variable in y, the NRMSD value is defined as

F (i) = 1 −
√∑m

j=1(yv (i, j) − yp(i, j))2√∑m
j=1(yv (i, j) − yv (i))2

, i = 1, 2, 3 (4)

where yv is the validation data , yp is the predicted data, yv (i) is
the mean value of yv (i), and m is the number of data samples.
Model validation results are given in Fig. 6.

C. Controller Synthesis

The controller is synthesized using the perturbed normal-
ized coprime factorization method developed by McFarlane and
Glover [23]. Using the method, the shaped plant model can be
represented by

Ps(s) = M(s)−1N(s) (5)

Fig. 7. Multivariable controller synthesis. (a) Reformulation of Ps (s).
(b) K (s) in real-time control.

Fig. 8. Tracking performance at (1800 r/min, 800 N·m) in simulation.

where M(s)M(s)∗ + N(s)N(s)∗ = I , in which M(s)∗ =
[M(−s)]T. The explicit forms of M(s) and N(s) can be found
in [24]. The shaped plant with disturbances is represented by

Ps(s)Δ = (M(s) + ΔM(s))−1(N(s) + ΔN(s)) (6)

as shown in Fig. 7(a). The disturbed system is stable if

‖ΔM(s),ΔN(s)‖ ≤ εmax (7)

is held, with εmax = (1 − ‖M(s), N(s)‖2
H)0.5, where ‖·‖H de-

notes the Hankel norm. According to [25], (7) can be rewritten
as designing a H∞ optimal controller Kd(s) such that∥∥∥∥∥Kd(s)(1 − Ps(s)Kd(s))−1M(s)−1

(1 − Ps(s)Kd(s))−1M(s)−1

∥∥∥∥∥ ≤ 1/εmax (8)

is held. Now the controller synthesis is transformed to design-
ing Kd(s) that satisfies (8). The looptune solver in MATLAB
is used to synthesize K(s), by which the designer is greatly
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Fig. 9. Offline calibration at (1800 r/min, 800 N·m) and the online adaptation of p∗exh with variable s(SOC). (a) Setpoints tracking. (b) Actuators
action. (c) s(SOC) and p∗exh.

relieved from the nontrivial efforts of shaping the desired profile.
The solver combines the Le-Safonov prefilter to tune the weight
W (s) and the Glover-McFarlane loop shaping technique to gen-
erate Kd(s). The control problem is simplified to designing the
desired crossover frequencies range. In implementation, K(s) is
expressed as a third-order decoupling matrix D and three PI con-
trollers working in series, as illustrated in Fig. 7(b). D and gain
values of PI controllers are built by looptune(G(s), ωc). As an
example, K(s) at (1800 r/min, 800 N·m) is generated by setting
ωc ∈ [

1 rad/s, 10 rad/s
]
. The controller has been verified at dif-

ferent settings of setpoints, while the tracking results are shown
as in Fig. 8. For all command signals, the tracking is fast and
accurate in spite of multiple profiles on the outputs. When step
changes occur on command signals, pin and pexh track smoothly
whereas Wegr tracks with small and short spikes, all converge in
3 s. The outputs follow the multiple trajectories in a systematic
manner. The simulation results validate the effectiveness of the
synthesized controller and build the confidence in real testing.

IV. SUPERVISORY LEVEL CONTROLLER DESIGN

The supervisory level controller is to optimize p∗exh while
maintaining the balance of battery SOC. The design process
composes an offline stage and an online stage.

A. Control Problem Formulation

The compressor power is provided by both the turbine and
the EM, so the following equation holds:

Pc = Pt + Pem. (9)

The ETA works as a hybrid system, whose equivalent power is
defined by

Peq = Pt + s(SOC)Pem (10)

where s(SOC) is an equivalent factor to perform as a necessary
penalty on battery SOC deviation. The BSFC of the ETDE is
quantified by λETDE = λePeq/Pt , where λe is the traditional
BSFC defined by λe = Wf /Pb . λETDE is selected as the cost
function and therefore, the online optimization problem is

Fig. 10. Diagram of the supervisory level controller.

formulated as

min
u

: J(u) = λETDE

s. t. : umin ≤ u ≤ umax (11)

where the limits on u indicate the permissible actuator
ranges.

B. Offline Search

The values of p∗in and W ∗
egr can be read from calibration re-

sults stored in ECU. Only p∗exh is to be generated by the su-
pervisory level controller. An offline search is implemented,
where p∗exh is set as an incrementally increasing series. The de-
veloped H∞ multivariable controller in Section III is used to
track the updating p∗exh. The value of p∗exh is feasible only if it
can be tracked well in the allowed actuator ranges. Fig. 9(a)
shows the searching process at (1800 r/min, 800 N·m) in phys-
ical simulations, whereas p∗exh starts from 260 kPa, which is
the minimum value to keep the engine stable. p∗exh increases
with the incremental pace of 5 kPa every 20 s. p∗in and W ∗

egr
are maintained as 240 kPa and 160 kg/h, respectively. As ob-
served in Fig. 9(b), the physical upper boundary of p∗exh is
335 kPa, since Pem approaches the maximum generating power
−5 kW at this p∗exh value. At each step of p∗exh, the value of λe ,
Pt , and Pem are recorded to compute λETDE. For instance, in
the case of p∗exh = 260 kPa, the three values are 209.5 g/kWh,
22.9 kW, and 1.4 kW, respectively. In different testing condi-
tions, the upper boundary of p∗exh can be tuned to track SOC∗

at the end of testing cycles, where SOC∗ is the desired SOC
value.
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Fig. 11. Evaluation of system performance, battery SOC regulation, and fuel economy benefits by utilizing the hierarchical control strategy.
(a) pin tracking at SOC0 = 0.2. (b) pexh tracking at SOC0 = 0.2. (c) Wegr tracking at SOC0 = 0.2. (d) pin tracking at SOC0 = 0.8. (e) pexh tracking at
SOC0 = 0.8. (f) Wegr tracking at SOC0 = 0.8. (g) Wt at SOC0 = 0.2. (h) Wt at SOC0 = 0.8. (i) Pem in both cases. (j) SOC variation at SOC0 = 0.2.
(k) SOC variation at SOC0 = 0.8. (l) fuel rate comparison.

C. OnLine Optimization

Based on the offline recorded λe , Pt , and Pem , the value
of p∗exh varies according to different s settings. As shown in
Fig. 9(c), when s increases, p∗exh increases as well, shown more
exhaust gas power would be recovered by the ETA. In the case
of s = 0, p∗exh is 265 kPa and the corresponding Pem is 0.8 kW.
It indicates the ETDE tends to run the ETA in motoring mode
when battery SOC is not a concern. The deviation of SOC is
essential to be revealed in online optimization. The equivalent
factor in (10) is designed as

s(SOC) = KP ΔSOC (12)

where KP is a positive constant, and ΔSOC = SOC − SOC∗.
At different SOC values, Pt and Pem have different weightings

on the cost function λETDE, and the optimal p∗exh is read from
the lookup table that corresponds to the minimal λETDE. The
designed supervisory level controller is illustrated in Fig. 10.

D. Controller Evaluation

The two-level control strategy was validated in physical sim-
ulations. The controller was built in Simulink and a high-fidelity
ETDE physical model was built in Dynasty, a proprietary
multiphysics simulation software package developed by Cater-
pillar Inc. At (1800 r/min, 800 N·m), two cases were evaluated
for 400 s, with the initial SOC values were set as SOC0 = 0.2
and SOC0 = 0.8, respectively. The EM-off mode was used as
the baseline, whereas pin and Wegr were controlled by χvgt and
χegr using two SISO PID controllers. The gain value in the
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Fig. 12. Testing diagram of the electrified turbocharged diesel engine.

supervisory level controller was set as KP = 2. The tracking
under SOC0 = 0.2 are shown in Fig. 11(a)–(c), whereas p∗in
and W ∗

egr are maintained as constants. The tracking under
SOC0 = 0.8 are shown in Fig. 11(d)–(f). Using the supervisory
level controller, p∗exh updates to achieve the minimum λETDE. The
exhaust gas passes through the turbine are shown in Fig. 11(g)–
(h). The actions of Pem in both EM-on cases are shown in
Fig. 11(i). Using the low level H∞ controller, the setpoints are
all well tracked. The SOC is well recovered back to the desired
value 50% at the end of testing cycle, as shown in Fig. 11(j).
Similarly, the SOC is also tracked back well to SOC∗ in the case
of SOC0 = 0.8, as shown in Fig. 11(k). Wf in the three cases
are shown in Fig. 11(l). In the EM-on mode of SOC0 = 0.2 and
SOC0 = 0.8, the fuel consumption are 3.5623 kg and 3.5576 kg,
respectively. In the EM-off mode, the fuel consumption is
3.5829 kg. The fuel economy benefits are 0.575% and 0.706%,
respectively. The fuel efficiency improvements are because the
EM provides more flexibility in energy flow distribution. The
control strategy can always drive the turbine to run in a more
efficient zone, and the EM runs as an assist.

V. EXPERIMENTS SETUP AND RESULTS

A. Experiments Setup

The testing platform is based on a Cat C7.1 ACERT heavy-
duty off-highway diesel engine, as shown in Fig. 12. The engine
produces up to 205 kW at its rated speed of 2200 r/min, and
provides a peak torque of 1257 N·m at 1400 r/min. The engine
is equipped with a high-pressure loop cooled EGR and an
ETA. The ETA is developed based on a modified BorgWarner
BV63 turbocharger, whereas the embedded SRM operates up
to 140 kr/min. The SRM is compact and the increased inertia of
the ETA is less than 10%. The engine is connected to a 480 kW

Fig. 13. Experimental setup of the electrified turbocharged diesel en-
gine. (a) Instrumented engine. (b) Operation platform.

dynamometer capable of running fast transients. The exhaust gas
emissions are measured using a Horiba 9000 DEGR analyzer.

The N and TL are both controlled by AVL Bobcat software.
The fuel system is controlled by the ECU, and visualized with
Vector CANape software. The air system controller is built in
Simulink, whereas the EGR control command is sent via the
ECU, and the control commands of other actuators are sent via
xPC. The ETA is oil-cooled using an oil cart and the acquired
test data are recorded by AVL Bobcat. The xPC links to Vector
CANape and MATLAB on the host PC with an Ethernet cable
whereas all the other modules communicate via a CAN bus at
a frequency of 50 Hz. The pictures of the engine test cell and
operation platform are shown in Fig. 13.

B. Experimental Results

1) Tracking Performance Under Steady State: The test-
ing results at (1800 r/min, 260 N·m) are illustrated in Fig. 14.
The tracking performance and control signals are illustrated in
the first row and second row, respectively. From 0 to 160 s, p∗in
changes periodically between 160 and 130 kPa, whereas p∗exh
and W ∗

egr are maintained at 195 kPa and 110 kg/h, respectively.
When p∗in drops, χvgt is more open to reduce pin. Meanwhile,



4906 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 65, NO. 6, JUNE 2018

Fig. 14. Tracking performance test under variable setpoints at (1800 r/min, 260 N·m). (a) pin tracking. (b) pexh tracking. (c) Wegr tracking. (d) χvgt
action. (e) Pem action. (f) χegr action.

Fig. 15. Robustness test under operating point switches between (1700 r/min, 400 N·m) and (1900 r/min, 400 N·m). (a) pin tracking. (b) pexh
tracking. (c) Wegr tracking.

Fig. 16. Gain scheduling performance test under operating point switches between (1800 r/min, 120 N·m) and (1800 r/min, 800 N·m). (a) pin
tracking. (b) pexh tracking. (c) Wegr tracking.

EM switches from motoring to generating so as to reduce ω to
prevent pexh reduction. Wegr tends to increase since the gap be-
tween pexh and pin increases. As a result, χegr closes to maintain
Wegr. Similar phenomenon can also be observed at 250 s when
p∗in drops from 160 to 140 kPa. At 180 s, W ∗

egr is set to a very
small value close to zero, whereas p∗in and p∗exh are both main-
tained. χegr is forced to saturate at its lower limit immediately.
To restrain the increasing trend of pexh, Pem jumps to a high

value to increase ω. The lack of Wegr reduces pin and therefore,
χvgt closes to increase pin. It is similar to the case when W ∗

egr
drops from 110 to 50 kg/h at 505 s. At 365 s, p∗exh drops from
195 to 180 kPa, whereas p∗in and W ∗

egr are both maintained. It
forces EM to work at a higher motoring power to reduce pexh.
At the same time, χvgt closes to maintain pin. On the other hand,
χegr reduces to maintain Wegr. All the outputs converge in 8 s
when setpoints change.
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2) Robustness Against Disturbances: The tracking per-
formance when disturbances are added on N are illustrated
in Fig. 15. The engine model was identified at (1800 r/min,
400 N·m) but the operating point switches between (1900 r/min,
400 N·m) and (1700 r/min, 400 N·m). p∗in, p∗exh, and W ∗

egr are set
at 170 kPa, 205 kPa, and 110 kg/h, respectively. All the setpoints
are tracked very well at the beginning. When N drops from 1900
to 1700 r/min, all the outputs decrease suddenly because of the
reduced engine power. Accordingly, the controller tunes the ac-
tuators quickly to adapt to the new dynamics. χvgt increases to
reduce ω and therefore pexh is raised. Meanwhile, Pem increases
to recover pin and Wegr. The switching of operating points causes
spikes on outputs but all converge within 7 s.

3) Gain Scheduling Under Transients: The gain schedul-
ing performance was tested under block loads, where the op-
erating point switches between (1800 r/min, 120 N·m) and
(1800 r/min, 800 N·m) with variable ramping rates. Two con-
trollers were built at the two points separately and a hard switch-
ing mechanism is employed. The testing results were shown in
Fig. 16, where the torque ramping time is set as 10, 5, and 2 s
in the three load blocks, respectively. p∗in, p∗exh, and W ∗

egr are
set as 124 kPa, 177 kPa, and 87 kg/h at the low torque point,
and 249 kPa, 289 kPa, and 146 kg/h at the high torque point. It
is observed that the gain-scheduled-controller is very effective
in precisely tracking the setpoints in both transients and steady
state. The spikes on pin, pexh, and Wegr are less than 6 kPa, 8 kPa,
and 3 kg/h, respectively.

VI. CONCLUSION

An integrated framework for characterization, control, and
testing of an electrical turbocharger assist was proposed in this
paper. Characterization leads to a better understanding of both
engine behavior and the selection of outputs for coordinated
control. In such an augmented turbocharging system, the ex-
haust pressure setpoints were updated by a supervisory level
controller to achieve the best fuel economy in real time. A
model-based multivariable H∞ controller was analytically de-
signed to track the setpoints in a coordinated way. A testing
platform was established and the control strategy was tested.
Testing results showed excellent tracking performance, high
robustness, and promising fuel efficiency improvements. Future
study includes applying the hybrid turbocharger and the control
strategy on downsized engines. The second generation hybrid
turbocharger called E-Turbo is also being evaluated.
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