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Reducing Soot Emissions in a Diesel Series Hybrid
Electric Vehicle Using a Power Rate Constraint Map
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Abstract—This paper considers a diesel series hybrid electric ve-
hicle (SHEV) and proposes the utilization of an engine–generator
power rate constraint map to reduce soot emissions without a
significant compromise in fuel economy. Specifically, model pre-
dictive control (MPC) is used to split the vehicle power demand
between the engine–generator unit and the battery. To achieve a
reduction in soot, the engine–generator power rate is constrained.
Unlike existing strategies, the power rate limit is not a fixed
value but varies, depending on the power level, resulting in a
map. This constraint map is designed by formulating the soot
emission reduction problem as an optimization problem, which is
solved through a three-step offline discrete optimization process.
The optimization relies on a quasi-static soot emissions map that
captures the trends, even during transients, but underestimates
the magnitudes. Therefore, to evaluate the performance of the
MPC-based power management with the power rate constraint
map, experiments are conducted through an engine-in-the-loop
simulation framework. Experimental results show that compared
with a constant power rate constraint, soot emissions can be
reduced by 44.5% while compromising fuel economy by only 0.3%
through the proposed approach. As a tradeoff, the ampere-hour
(Ah) processed in the battery, which is a variable that has been
shown to correlate with battery capacity loss, increases by 5.5%.

Index Terms—Diesel engines, discrete optimization, model pre-
dictive control (MPC), power management, series hybrid electric
vehicles (SHEVs), soot emissions.

I. INTRODUCTION

D IESEL engines are favored in heavy-duty commercial and
military applications as they have high performance in

terms of fuel economy, torque at low speed, and power den-
sity [1]. However, their soot emissions lead to environmental
concerns in commercial applications, as well as survivabil-
ity concerns in military applications due to visual signature.
Aggressive transients worsen soot emissions [2] because of
a turbocharger lag, which corresponds to the slow air-path
dynamics of a diesel engine with a time constant of a few
seconds [3].

Manuscript received December 21, 2012; revised November 27, 2013 and
March 14, 2014; accepted April 3, 2014. Date of publication May 1, 2014; date
of current version January 13, 2015. This work was supported by the Automo-
tive Research Center in accordance with Cooperative Agreement W56HZV-
04-2-0001 of the U.S. Army Tank Automotive Research, Development, and
Engineering Center (TARDEC), Warren, MI, USA. The review of this paper
was coordinated by Prof. T. M. Guerra.

Y. Kim, A. G. Stefanopoulou, and T. Ersal are with the Department of
Mechanical Engineering, University of Michigan, Ann Arbor, MI 48109 USA
(e-mail: youngki@umich.edu; annastef@umich.edu; tersal@umich.edu).

A. Salvi is with Advanced Research Projects Agency-Energy, U.S. Depart-
ment of Energy, Washington, DC 20585 USA (e-mail: asalvi@umich.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TVT.2014.2321346

One approach to reduce soot emissions is to leverage hybrid
powertrain technology. This technology has been successfully
deployed in some passenger vehicles, improving fuel economy
and reducing tailpipe emissions [4], [5], and vehicles with
diesel engines can benefit from hybridization as well [6].

Among the various topologies for vehicle hybridization, such
as series [7], [8], parallel [9], [10], and power-split [11], [12],
this paper focuses on a series hybrid electric architecture with a
military context in mind. The series hybrid electric technology
is considered in military vehicles due to stringent requirements
for silent watch, increased mobility, enhanced functionality for
on-board power, improved power-export capabilities, and the
potential for minimal visual signature. In addition, compared
with other configurations, the series configuration offers greater
flexibility in vehicle design such as the V-shaped hull to maxi-
mize crew survivability during blast events [13].

Within the context of series hybrid electric vehicles
(SHEVs), different power management strategies (PMSs) have
been developed in the literature to successfully alleviate the
tradeoff, associated with rapid power changes, between fuel
economy and soot emissions. For example, Filipi and Kim [7]
proposed a modulated battery state-of-charge (SOC) control
using a proportional–integral (PI) feedback control. Konev
et al. [14] and Kim et al. [15] used low-pass filtering to split
the power demand. Although these methods result in smooth
engine operations, the engine power rate is not strictly consid-
ered as a constraint for engine operations. Di Cairano et al.
explicitly handled a fixed power rate constraint by applying
model predictive control (MPC) [16]. They also showed that the
MPC-based PMS performance was comparable to that of the
dynamic programming in terms of fuel economy. However,
the influence of smooth engine operations on emissions reduc-
tion has not been investigated.

In this paper, a methodology to design a power rate con-
straint map for an engine–generator of an SHEV is proposed to
reduce soot emissions. Unlike the approach described in [16],
the maximum engine–generator power rate is allowed to vary
based on the engine–generator power. Empirical knowledge
about the operation of a turbo-charged diesel engine suggests
that the allowable power rate decreases as the engine power
increases. To develop this constraint map, a three-step discrete
optimization process is used by sequentially combining genetic
algorithm (GA) and exhaustive search (ES). GA results are
used to narrow down the design space. Then, ES finds the
optimal solution within the search region reduced by GA. A
quasi-static map for soot emissions is considered as a first step
to evaluate the benefits of including the power rate constraint
map in an MPC-based power management for soot emission
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Fig. 1. Series hybrid configuration considered in this paper.

TABLE I
VEHICLE SPECIFICATION

reduction. This constraint map is then experimentally evaluated
using an engine-in-the-loop simulation setup where the engine
is a physical component and the remaining components of
the vehicle system are mathematically modeled. Moreover, the
implementation of the resulting PMS on battery life is assessed
using a weighted ampere-hour (Ah) processed model [17].

This paper is organized as follows. Section II addresses
the formulation of the MPC-based power management in the
SHEV along with the cost function and constraints. This section
lays out the framework that is used as a tool to evaluate the
main contribution of this paper, i.e., the power rate constraint
map. The three-step discrete optimization process to design
the power rate constraint map is described in Section III.
Experimental setup and results are presented and discussed in
Section IV, and conclusions are drawn in Section V.

II. MODEL PREDICTIVE CONTROL BASED

POWER MANAGEMENT

The SHEV configuration considered in this paper consists of
an engine, a generator, in-hub motors, a battery, a driver, and
a vehicle, as shown in Fig. 1. Electrical power flow among
the generator, battery, and electric motors is managed by a
PMS. This paper considers a hybridized mine-resistant ambush-
protected all-terrain vehicle whose specifications are summa-
rized in Table I. Quasi-static maps and dynamic equations used
to model the SHEV are given in Appendix A.

For power management in the SHEV, MPC is used to split
the power demand between the engine–generator unit and the
battery. MPC is an attractive control method with advantages
such as generating a suboptimal solution in a causal manner
and taking into account input and state constraints over a finite
horizon. In MPC, an optimal control sequence is computed
at each time step by solving an online optimization problem
over a finite future time horizon by utilizing a receding horizon
approach. Then, the first element of the optimal sequence is
applied to the system as a control input, and this procedure is
repeated at each time step.

Fig. 2. Quasi-static engine maps. (a) Steady-state fuel rate as a function
of engine–generator power. (b) Brake-specific fuel consumption bsfc of the
engine–generator unit superimposed by optimal operation line.

A. Control-Oriented Model

For the purpose of designing a supervisory controller, a
simplified modeling approach is considered for the powertrain.
To model the battery, a reduced-order equivalent circuit model
with a single state is considered. As discussed in [18] and
[16], the single-state equivalent circuit model is capable of
capturing the SOC dynamics of the battery, the most relevant
dynamics, for the supervisory control design. Specifically, the
SOC dynamic behavior of the battery is simplified by the
following equation:

dx(t)

dt
= −Voc −

√
V 2
oc − 4Rsu(t)

2RsCb
(1)

where x is the state of the battery system SOC, and u is the
battery power Pb. The battery capacity is denoted by Cb. Open-
circuit voltage (OCV) Voc and internal resistance Rs are taken
from [19] and tabulated in lookup tables. In general, Voc and
Rs are functions of operating temperature and SOC; however,
in this paper, they are implemented as functions of SOC only
under the assumption of perfect battery cooling.

In the engine–generator in the full SHEV model, a first-order
low-pass filter is used to emulate the transient response of a
turbocharger. No significant effect of this time lag is observed in
the engine–generator operation with the maximum power rate
adopted from [20]. Thus, the dynamics of the fuel controller
and associated turbo lag are not included in the supervisory
controller. Quasi-static maps representing the relationship be-
tween power and fuel rate, as well as corresponding speed and
torque, are shown in Fig. 2.
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Engine–generator power v(= Pg) is calculated by

v(t) = Pd(t)− u(t) (2)

explaining how the power demand generated by the driver
Pd is satisfied by the sum of the battery power u and
engine–generator generator power v. In the interest of structur-
ing the MPC problem with a quadratic cost function, the outputs
are chosen as follows:

y =
[
x ṁ0.5

f

]T
(3)

where ṁf is the fuel rate of the engine–generator. Note that the
choice of ṁ0.5

f is deliberate; the objective is to penalize fuel
consumption over the prediction horizon.

In summary, the nonlinear powertrain model is described in
the state space representation as follows:

ẋ = f(x, u)

y = g(x, v) (4)

where x ∈ R
1, u ∈ R

1, v ∈ R
1, and y ∈ R

2.

B. MPC Formulation

A linear discrete-time MPC control strategy is used for power
management. Since the system is nonlinear, linearization and
discretization processes are required to formulate a linear MPC
problem. A linear discrete-time model can be obtained as

x(k + 1) =Adx(k) +Bdu(k) + Sd,

y(k) =Cx(k) +Hv(k) +G (5)

where Ad ≈ 1 +AΔt, Bd = BΔt, Sd = SΔt, and Δt is the
sampling period. System matrices are calculated by

A =
∂f

∂x

∣∣∣∣
(x0,u0)

B =
∂f

∂u

∣∣∣∣
(x0,u0)

C =
∂g

∂x

∣∣∣∣
(x0,v0)

H =
∂g

∂v

∣∣∣∣
(x0,v0)

S = f(x0, u0)− (Ax0 +Bu0)

G = g(x0, v0)− (Cx0 +Hv0) (6)

where x0, u0, and v0 are the values at previous sampling time
t− 1.

For the purpose of MPC, the cost function J1 to be mini-
mized and constraints are defined as

J1(k) =

k+Np∑
i=k

(y(i|k)− yref)
T

[
w1 0
0 w2

]
(y(i|k)− yref)

+ Δv(i|k)Tw3Δv(i|k) + u(i|k)Tw4u(i|k)
s.t. Pb,min ≤ u(i|k) ≤ Pb,max, i = 1, 2, . . . , Nc

Pg,min ≤ v(i|k) ≤ Pg,max, , i = 1, 2, . . . , Nc

ΔPg,min ≤ Δv(i|k) ≤ ΔPg,max, i = 1, 2, . . . , Nc

SOCmin ≤ y1(i|k) ≤ SOCmax, i = 1, 2, . . . , Np (7)

where Np and Nc are lengths of the prediction and control
horizons, respectively. Parameter wj (j = 1, . . . , 4) represents
a weighting factor for the balance between battery SOC regu-
lation and fuel economy improvement. These weighting factors
are tuned through repeated simulations until the fuel economy
improvements are diminished. Variables Pg,min and Pg,max are
the minimum and maximum engine–generator power values,
respectively. The minimum and maximum power rates of the
engine–generator, i.e., ΔPg,min and ΔPg,max, are constants
adopted from [20] enabling the implicit control of soot emis-
sions. Maximum discharging and charging power limits of the
battery can be obtained by the following equations:

Pb,max =Vmin
(Voc − Vmin)

Rs
(8)

Pb,min =Vmax
(Vmax − Voc)

Rs
(9)

where Vmax and Vmin represent manufacturer-specified maxi-
mum and minimum voltage limits, respectively.

Equation (7) is rewritten as a quadratic programming (QP)
problem

min
ΔU

J1 =
1
2
ΔUTΨ1ΔU +ΨT

2ΔU

s.t. Γ1ΔU ≤ Γ2 (10)

where ΔU = [Δu(k|k), . . . ,Δu(k +Nc − 1|k)]T is the
change in the input vector. The lengths of horizon for control
and prediction, i.e., Nc and Np, respectively, are tuned based
on the computation time so that the time of solving the
optimization problem is less than the time step of 0.2 s to allow
real-time simulations with the hardware in the loop. Matrices
Ψ1, Ψ2, Γ1, and Γ2 are obtained by substituting (2) and (5)
into (7) (see Appendix B).

Power demand over the prediction horizon is assumed
constant

Pd(k + i|k) = Pd(k|k), i = 1, . . . , Np. (11)

Although this assumption may not be accurate, unsteady power
demands can be properly handled due to the fact that only the
first element of the control action sequence over the prediction
horizon is used. Approaches to predict future power demand
such as an exponential decay, stochastic and perfect predictions,
and their influence on the fuel economy are not considered in
this paper but can be found in [21] and [22].

After solving the QP problem (10), the first element of
optimal sequence Δuopt(k|k) is used to split power demand,
i.e., optimal engine–generator power vopt is calculated by

vopt(k) = Pd(k)− u(k − 1)−Δuopt(k|k). (12)

C. Verification and Generation of the Benchmark Results

The purpose of this section is to verify the implementation of
the MPC problem described so far and to generate a benchmark
for the simulation-based optimal design of the power rate
constraint map.
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Fig. 3. Simulated transient behaviors under MPC-based PMS over UAC.
(a) Vehicle speed, (b) battery power, (c) battery SOC, (d) engine–generator
power, (e) engine–generator power rate, and (f) soot emission rate.

The SHEV is simulated in a forward-looking scheme, where
the driver determines control commands to follow a desired
speed profile. A military vehicle driving cycle, i.e., an urban
assault cycle (UAC) shown in Fig. 3(a), is used to investigate
the performance of the MPC-based PMS. This cycle with a
total distance of 8.80 km (5.46 mi) is aggressive compared
with a federal driving cycle such as the Urban Dynamometer
Driving Schedule for Heavy-Duty Vehicles. The UAC has
frequent high-acceleration and high-deceleration events, typical
of military driving conditions [23].

For the purpose of accounting for the remaining battery SOC,
two consecutive driving cycles are considered, and the fuel
economy is calculated by

fuel economy =
1
Ns

Ns∑
k=1

∫ tk+tcycle
tk

vvehdt∫ tk+tcycle
tk

ṁfdt
(13)

where tcycle is the total time of the given driving cycle, vveh
is the velocity of the vehicle, and Ns is the total number of
tk’s that satisfies the SOC sustainability condition tk ∈ {ξ :
SOC(ξ) = SOC(ξ + tcycle)} and ξ ∈ R

1. Parameters for the

TABLE II
PARAMETER AND CONSTRAINT VALUES FOR MPC

MPC problem are summarized in Table II, along with the
constraint values.

To predict the trends in soot emissions and subsequently help
with the control design, a quasi-static map is considered. Note
that more than 50% of all soot emissions could be generated
during transients such as tip-in operations [20], and hence, a
quasi-static map cannot accurately predict the magnitude of the
soot emissions during aggressive transients. Nevertheless, for
the purpose of designing a supervisory controller, quasi-static
maps have been shown to be useful for their ability to capture
the basic trends [24], [25]. More relevantly, the quasi-static soot
emissions map used in this paper has been previously found
adequate to capture the basic trends in soot emissions even
during transients [26]. Therefore, it is used in this paper to help
with the control design and avoid ad hoc experimental tuning,
with the understanding that the resulting control design may not
yield the optimal performance and a dynamic soot emissions
model such as [26] would ultimately be required to achieve the
best performance.

Simulation results with the MPC-based PMS are given in
Fig. 3. Fig. 3(a) shows that the vehicle can follow the desired
speed profile, which means that the power demands from
the driver are satisfied by the engine–generator unit and the
battery under the MPC-based power management. As shown
in Fig. 3(b)–(d), powertrain components such as the battery
and the engine–generator unit operate without exceeding the
minimum and maximum bounds of desirable range. The battery
SOC is well regulated around the target value of 0.5 between 0.3
and 0.7, as shown in Fig. 3(e). Fig. 3(f) shows the resulting sim-
ulated soot emissions rate of the diesel engine. Fuel economy
and total soot emission predicted over the UAC are 3.278 km/l
(7.71 mi/gal) and 0.0316 g/km, respectively, which are used as
the baseline values for the simulation-based results.

D. Effect of Maximum Engine–Generator Power Rate

To investigate the effect of the engine–generator power rate
on the fuel economy and soot emissions, different maximum
power rates are simulated. The minimum power rate is consid-
ered to be a fixed parameter for two reasons: 1) Soot emissions
are zero during braking because of fuel cutoff; 2) the slow de-
crease in power leads to multiple power conversions, resulting
in a decrease in the total efficiency of the system, as explained
in [15].

As shown in Fig. 4, a decrease in the maximum power rate
of the engine–generator helps reduce the soot emissions, but it
decreases fuel economy as a tradeoff. Specifically, considering
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Fig. 4. Effect of a decrease in the maximum engine–generator power rate on
fuel economy and soot emissions.

a reduction of less than 0.5% in fuel economy as a reasonable
compromise, limiting the maximum power rate to 19.3 kW/s
could reduce soot emissions by 1.9%.

This example is useful to demonstrate the tradeoff between
soot emissions and fuel economy; however, it also raises the
question of whether a constant maximum power rate is the best
way to address this tradeoff. This question is addressed in the
next section. Specifically, it is shown that better smoke results
can be obtained if the maximum power rate is not constant but
variable, i.e., the rate depends on the engine–generator power
level.

III. MAXIMUM POWER RATE MAP DESIGN

This section describes the offline process of optimizing the
maximum power rate ΔPg,max as a function of the engine–
generator power to minimize the total soot emission over a
driving cycle.

The discrete optimization problem is formulated by

min
ΔPg,max(d)

J2 =
1
Ns

Ns∑
k=1

tk+tcycle∫
tk

ṁsootdt

s.t. α ≥ α

d = h(Pg) ∈ {d1, d2, . . . , dl1}

di ⊂ R≥0, i = 1, 2, . . . , l1

ΔPg,max(d) ∈ {β1, β2, . . . , βl2}

βj ∈ R>0, j = 1, 2, . . . , l2 (14)

where ṁsoot is the soot emissions rate, and α is the fuel econ-
omy defined in (13). The minimum allowed fuel economy α is
set to 3.265 km/l (7.68 mi/gal), i.e., fuel economy is allowed
to be reduced from 3.278 km/l (7.71 mi/gal) to 3.265 km/l
(7.68 mi/gal) by 0.4%. The reference fuel economy is obtained
from the MPC-based power management without the optimized
power rate constraint map. Function h is a discrete mapping
from the engine–generator power Pg to partitions of power
capability of the engine–generator di, e.g., d1 = [0 25) kW and
d2 = [25 50) kW. In each partition di, the maximum power rate
ΔPg,max is set to βj , and lower and upper bounds of βj are
defined by considering vehicle requirements and engine soot
generation. Integer variables l1 and l2 denote the number of
design variables (i.e., the power rates for different di’s) and

Fig. 5. Optimal solutions from ES to adjust the maximum power rate of the
engine–generator depending on power level.

TABLE III
INPUT PARAMETERS OF GA

the size of design space (i.e., the discrete set of values that the
power rates can assume), respectively.

With respect to solving this discrete optimization problem,
algorithms such as GA and simulated annealing are good for
searching the global optimum; thus, those algorithms have been
applied to optimize the design and control strategy of HEVs
[27]–[30]. However, a large number of iterations are required to
guarantee global optimality, which is a challenge in our study,
since each iteration takes several minutes in vehicle simulation.
To overcome this drawback, a three-step discrete optimization
process is conducted.

1) Find candidate solutions using GA.
2) Redefine the lower and upper bounds for each variable.
3) Determine the optimal solution using ES in the bounded

range.
Fig. 5 and Table III provide the parameters for the optimiza-

tion problem (14) and the parameters for GA, respectively. It
is noted that the total number of every possible case in the
initial design space (see the gray shaded area in Fig. 5) is 88,
which is impractical to apply ES. However, the search region
is significantly reduced by using GA results, as shown in the
blue-shaded area in Fig. 5. Thus, only 648 cases, i.e., 0.004%
of every possible case, need to be explored by ES. Then, the op-
timal power rate constraint map, which is the blue line in Fig. 5,
is obtained from ES results and compared with seven power rate
constraint maps, resulting in the fewest soot emissions over the
UAC. All of the power rate constraint maps enforce the power
rate of the engine–generator to be decreased with power above
75 kW. This result means that these solutions behave effectively
as a low-pass filter, incorporating load leveling, as used in [15].
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Fig. 6. Simulation-based comparison of solutions from ES with reference.
(a) Fuel economy and (b) reduction in soot emissions.

Fig. 6 summarizes the reduction in soot emissions and the
compromise in fuel economy from the model-based simulation.
The total soot emission could be successfully reduced by 4.0%
with the optimal power rate constraint map without a significant
compromise in fuel economy; fuel economy is reduced by
only 0.4%. This is two times the reduction in soot emissions
obtained with a constant maximum engine power rate constraint
in Section II-D.

The results reported thus far are simulation based and are
obtained using a quasi-static map for soot emissions. While the
quasi-static map is useful for our design purposes, it is reason-
able to expect the actual reduction in soot emissions to be higher
than what is predicted by the quasi-static map. Therefore, to
better assess the extent to which the power rate constraint map
can reduce soot emissions, this map is experimentally evaluated
in an engine-in-the-loop simulation framework, as described in
the following section.

IV. EXPERIMENTAL RESULTS

For experimental evaluation, a networked engine-in-the-loop
simulation [31]–[33] of the vehicle system is considered, where
the engine is the hardware component and the remaining com-
ponents of the vehicle system (i.e., generator, battery, motors,
vehicle dynamics, and driver) are mathematically modeled,
as described in Appendix A. The overview of the networked
system architecture is shown in Fig. 7.

A. Engine-in-the-Loop Setup

The hardware component of interest for this paper is a
Navistar 6.4-L V8 diesel engine with 260-kW rated power at
3000 r/min and a rated torque value of 880 Nm at 2000 r/min.
It is intended for a variety of medium-duty truck applications
covering the range between classes IIB and VII and features
technologies such as high-pressure common rail fuel injection,
twin sequential turbochargers, and exhaust gas recirculation.
A high-fidelity ac electric dynamometer couples the physical
engine with the simulation models in real time and operates in
speed control mode. The setup can be connected to Simulink for
integration with mathematical models, allowing for a real-time

Fig. 7. Overview of the engine-in-the-loop vehicle system simulation archi-
tecture used in this case study. The engine model used for MPC development is
replaced with an actual engine.

hardware-in-the-loop simulation. This connection is achieved
through an EMCON 400 flexible test bed with an ISAC 400
extension.

Transient soot emissions are measured with a differential
mobility spectrometer (DMS) 500 manufactured by Cambus-
tion Ltd. in the form of temporally resolved particulate con-
centrations. DMS 500 offers measurement of different particle
sizes by identifying the mobility of particles with a sampling
frequency of 10 Hz and a response time of 200 ms. Therefore,
DMS 500 makes it possible to analyze the time evolution of the
soot emissions.

B. Experimental Results and Discussion

The MPC-based PMS with the power rate constraint map is
implemented in the SHEV model and evaluated via the engine-
in-the-loop test setup. The constraint map obtained from the
simulation-based design is directly utilized in the experiments
without any further tuning. Since the electrometer detectors are
sensitive and show drift when the detectors are exposed to high
concentrations for a long time (e.g., 4 min), only the middle
part of the UAC, i.e., the most aggressive part, is used for the
measurement of soot emissions. Fuel consumption is measured
over the entire UAC.

To highlight the performance of the strategy, specific time
periods from 100 to 200 s are shown in Fig. 8. As shown
in Fig. 8(a), there is no difference in vehicle speed with and
without the power rate constraint map, implying that the vehi-
cle performance in this drive cycle is not deteriorating when
the map is introduced. The responses of the battery and the
engine–generator are influenced by the power rate constraint
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Fig. 8. Transient behaviors with and without the power rate constraint map
over UAC. (a) Vehicle speed, (b) battery power, (c) engine–generator power,
(d) engine–generator power rate, (e) battery SOC, (f) soot emission rate, and
(g) soot emissions rate (158–163 s).

map, as shown in Fig. 8(b) and (c). Above the power level
of 75 kW, the map enforces the engine–generator to provide
power gradually, i.e., over 75 kW, the maximum power rate
becomes an active constraint, as shown in Fig. 8(d). Fig. 8(f)
shows that soot emissions are dramatically reduced whenever
the power rate is limited: 75% of peak value of soot emissions
can be reduced by smooth engine–generator operations. When
the engine–generator power rate is limited, soot emissions
are implicitly controlled to within an upper bound, which is
around 77 mg/m3, i.e., the minimum concentration at which
soot emissions are visible [7].

The benefit of using the power rate constraint map is ob-
served not only during aggressive increase in power demand but
also during the near-idle regions following the peak demands.
In the high-power-demand regions, since the engine–generator
power is slowly increased, the remainder of the power demand

Fig. 9. Comparison of percentage improvement in performance from the
simulations and experiments using the power rate constraint map: (a) fuel
economy, (b) soot emissions, and (c) effective Ah processed; soot emissions
in the experiments are measured for 240 s in the middle part of the military
cycle since the electrometer detectors show drift when they are exposed to high
concentrations for a long time period.

Fig. 10. Histogram of current of the battery cell. Using the power rate
constraint map leads to an increase in the occurrence of current rates between
15 and 25 A/cell as a tradeoff.

needs to be satisfied by the battery, resulting in lower bat-
tery SOCs, as shown in Fig. 8(b) and (e). Consequently, the
engine–generator has to charge the battery for SOC regula-
tion when vehicle power demand is not high, avoiding high
soot emissions near the engine-idling condition, as shown in
Fig. 8(g).

As a result of using the power rate constraint map, the
total soot emission is reduced by 44.5% without significantly
compromising fuel economy: Fuel economy is reduced from
3.150 km/l (7.41 mi/gal) to 3.142 km/l (7.39 mi/gal) by only
0.3%. Results for the fuel economy and total soot emission
obtained in simulations and experiments are compared and
summarized in Fig. 9(a) and (b). As expected, the soot emission
reduction performance observed in the experiments exceeds
the prediction of the simulations because the quasi-static soot
emissions map used in the simulations does not fully capture
the magnitude of soot emissions during transients. These results
could lead to additional benefits that are beyond the scope
of this paper. For example, a reduction in engine-out soot
emissions could positively affect the design and control of the
diesel particulate filter in the aftertreatment system.

This significant reduction in soot emissions with only a
minor compromise in fuel economy is not achieved without a
cost. Fig. 10 highlights the cost in terms of the battery usage.
Since the battery provides propulsion power when the engine
power is actively limited by the power rate constraint map, the
occurrence of current rates between 15 and 25 A/cell increases,
which could translate to an increase in battery degradation as a
tradeoff.
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To estimate the additional battery degradation over the driv-
ing cycle due to the power rate constraint map, the effective
Ah-processed model in [17] is used. This approach is based
on the fatigue analysis under the assumption of linear cu-
mulative damage. The effective accumulated Ah processed is
calculated by

Aheff =

tf∫
0

κ(Tb, SOC)|I|dt (15)

where the severity factor κ is a nonlinear function of operating
temperature Tb and SOC. The severity factor collapses in our
case to a constant because of the narrow operating range
of the battery SOC and assumed perfect battery cooling. As
shown in Fig. 9(c), the effective accumulated Ah processed
increases from 3.51 to 3.71 Ah by 5.5% due to the power rate
constraint map. This increase in Ah processed could lead to a
corresponding decrease in battery life.

V. CONCLUSION

An MPC-based PMS has been developed to reduce soot
emissions in a diesel SHEV with a minimal compromise in
fuel economy. This objective is achieved through a constraint
map to adjust the maximum allowable power rate of the
engine–generator unit. A QP is used to solve the MPC problem
to split power demand between the engine–generator unit and
the battery. To obtain the power rate constraint map for minimal
soot emissions, a three-step discrete optimization process has
been conducted by sequentially utilizing GA and ES.

The engine performance with respect to soot emissions and
fuel economy using the power rate constraint map has been
experimentally evaluated. Experimental results show that the
regulated engine operation using the proposed power rate con-
straint map results in reduced soot emissions. Quantitatively,
the total soot emission is reduced by 44.5%, whereas fuel
economy is compromised by only 0.3%. Battery statistics show
that the PMS with the constraint map increases the medium-
level current operations as a tradeoff. Specifically, the Ah
processed increases by 5.5%, and a corresponding decrease
could be expected in the battery capacity.

As a first step to consider fuel economy and soot emissions
simultaneously in an MPC-based supervisory control frame-
work, this paper utilized a quasi-static soot emissions map.
A transient soot emissions model could improve the perfor-
mance even further. Therefore, developing such a model and
evaluating its performance within the methodology presented
in this paper is an important direction for future research. In
addition, the influence of the power demand prediction on the
performance will be investigated.

APPENDIX A

This Appendix presents the SHEV system model.
Figs. 11 and 12 show the engine torque and soot emission

maps obtained from a Navistar 6.4-L V8 diesel engine in [26].
The engine torque map is augmented by a PI fuel controller

Fig. 11. Engine torque map as a function of speed and fuel rate.

Fig. 12. Soot emissions map as a function of speed and torque.

submodel generating the engine rack position (ζ(t) ∈ [0, 1]),
which is given by

ζ(t) = kPΔτe + kI

∫
Δτedt

where Δτe is the error between the desired and actual engine
torque values; and kP and kI are proportional and integral
gains, respectively. This PI controller is implemented only
to allow for a stable virtual coupling between the physical
engine and the generator model. In a real application, or in
an experimental setup with a physical engine and physical
generator mechanically coupled, this PI controller and the
engine torque measurement would not be necessary. Instead,
the engine/generator speed would be measured and regulated.

To represent the effect of turbocharger lag on transient re-
sponse during rapid increases of engine rack positions, the fuel
mass is filtered by a first-order filter. The engine–generator
unit is assumed to be fully warmed up so that the effects of
temperature are ignored. Fig. 13 illustrates the efficiency of the
generator in [34].

A 9.27-kWh Li-ion battery pack with lithium–iron–
phosphate (LiFePO4 or LFP) cells by A123 is considered,
and the battery is modeled using an OCV-R-RC-RC equivalent
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Fig. 13. Generator efficiency map as a function of speed and torque.

TABLE IV
SPECIFICATION OF THE BATTERY

circuit approach. The OCV Voc, internal resistances (i.e., Rs,
R1, and R2), and capacitance values (i.e., C1 and C2) during
discharging and charging are determined using the parameter
identification technique presented in [19]. The specifications for
the LFP battery are summarized in Table IV.

The terminal voltage Vt of the battery is calculated by using

Vt = Voc − V1 − V2 − IRs

where V1 and V2 are voltages across C1 and C2, respectively,
and calculated based on the following dynamic equations:

d Vi

dt
=

1

Ci

(
I − Vi

Ri

)
, i = 1, 2.

The sign convention is such that positive current denotes battery
discharging.

Fig. 14 shows that the efficiency of the motor ηm is expressed
as a function of motor torque τm and motor speed ωm. The
maximum output torque of the motor τm,max is governed
between the continuous torque τm,cont and the peak torque
τm,peak accounting for the heat index γ as follows:

τm,max = τm,cont + (1 − γ)τm,peak

dγ

dt
= − 0.3

180

(
τm

τm,cont
− 1

)
, γ(0) = 0.3

where τm,cont and τm,peak are functions of the motor speed ωm,
as shown in Fig. 14. Heat index γ emulates the change in the
torque limit based on operating temperature as introduced in
Powertrain Systems Analysis Toolkit (PSAT) developed by the
Argonne National Laboratory [34].

Fig. 14. Motor efficiency map superimposed by peak and continuous torque
values.

A point-mass representation is used for the vehicle. The
longitudinal dynamics of the vehicle are calculated through the
following equation:

Mveh
d vveh
dt

= Fprop − Fbrk − FRR − FWR

where Mveh is the mass of the vehicle, respectively; Fprop is
the propulsion force; Fbrk is the braking force; and FRR is the
rolling resistance force expressed by

FRR = frMvehag

where fr is the rolling resistance, and ag is the gravitational
acceleration. Wind resistance force FWR is calculated by using

FWR =
1
2
ρairCdAvehv

2
veh

where ρair is the air density, Cd is the drag coefficient, and
Aveh is the frontal area of the vehicle. The road grade is not
considered in the driving cycles in this paper.

The driver model, which takes the desired and actual vehicle
velocities as inputs and provides propulsion or braking power
demands, is adopted from [31] and is a PI controller with
saturation and anti-windup.

APPENDIX B

Equation (5) is iterated in order to predict outputs over the
future horizon as follows:

⎡
⎢⎣

x̂(k + 1|k)
...

x̂(k+Np|k)

⎤
⎥⎦=Ax(k) +BΔU +B1 + S

⎡
⎢⎣

ŷ(k|k)
...

ŷ(k+Np|k)

⎤
⎥⎦=C

⎡
⎢⎣

x̂(k|k)
...

x̂(k+Np|k)

⎤
⎥⎦+H

⎡
⎢⎣

v̂(k|k)
...

v̂(k+Np|k)

⎤
⎥⎦+G
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where

A=

⎡
⎣ Ad

...
A

Np

d

⎤
⎦ ,B =

⎡
⎣ I · · · 0

...
. . .

...∑Np−1
i=0 Ai

d · · ·
∑Np−Nu

i=0 Ai
d

⎤
⎦Bd

B1=

⎡
⎣ I

...∑Np−1
i=0 Ai

d

⎤
⎦Bdu(k − 1), S =

⎡
⎣ I

...∑Np−1
i=0 Ai

d

⎤
⎦Sd

C=diag [C · · · C ]︸ ︷︷ ︸
(Np+1)×dimC

, H = diag [H · · · H ]︸ ︷︷ ︸
(Np+1)×dimH

G= [GT · · · GT ]T︸ ︷︷ ︸
(Np+1)×dimGT

.

The sequences of the engine–generator are given by⎡
⎢⎣

v̂(k|k)
...

v̂(k +Np|k)

⎤
⎥⎦ = Pd − u0 −K1ΔU

with

Pd = [Pd(k|k) · · · Pd(k +Np|k) ]T

u0 = [u(k − 1) · · · u(k − 1) ]T︸ ︷︷ ︸
(Np+1)×1

K1 =

⎡
⎢⎢⎢⎢⎢⎣

1 0 · · · 0
...

. . .
...

...
1 1 1 1
...

...
...

...
1 · · · · · · 1

⎤
⎥⎥⎥⎥⎥⎦
(Np+1)×Nc

.

The outputs over the prediction horizon can be expressed by

Y = C1x(k) +Φ1ΔU +Φ2

where

C1=C

[
I

A

]
, Φ1=C

[
0
B

]
−K1, Φ2=

[
0
B1

]
+H+

[
0
S

]
+G.

Finally, matrices for the QP (7) can be computed as follows:

Ψ1= 2
(
ΦT

1W1Φ1 +KT
1W2K1 +W3

)
Ψ2= 2

(
x(k)TCT

1 +Φ2

)
W1Φ1

−2
(
(KT

1K1)
−1K1(Pd−u0−v0)

)T
W2+2u0W3K1

Γ1=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

K2

−K2

K2

−K2

I
−I
−B
B

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, Γ2=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Pb,max − u0

−Pb,max + u0

Pd − u0

Pg,max −Pd + u0

K−1
2 (u0 + v0 −Pd) +ΔPg,max

K−1
2 (Pd − u0 − v0)−ΔPg,min

Ax(k) +B1 + S− SOCmin

−Ax(k)−B1 − S+ SOCmax

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

where

K2 =

⎡
⎣ 1 0 · · · 0

...
. . .

...
...

1 1 1 1

⎤
⎦
Nc×Nc

.
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