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Operating Point Optimization of Auxiliary Power
Unit Based on Dynamic Combined Cost Map

and Particle Swarm Optimization
Yaonan Wang, Yongpeng Shen, Xiaofang Yuan, and Yimin Yang

Abstract—Series hybrid electric vehicles improvements in fuel
consumption and emissions directly depend on the operating point
of the auxiliary power unit (APU). A new APU operating point op-
timization approach based on dynamic combined cost map (DCM)
and particle swarm optimization (PSO) is presented in this paper.
The influence of coolant temperature, catalyst temperature, and
air/fuel (A/F) ratio on fuel consumption characteristics and HC,
CO, NOx emission characteristics are quantitatively analyzed first.
Then, the DCM is derived by combining the individual cost maps
with predefined weighting factors, so as to balance the potentially
conflicting goals of fuel consumption and emissions reduction in the
choice of operating point. The PSO is utilized to search the opti-
mum APU operating point in the DCM. Finally, bench experiments
under three typical driving cycles show that, compared with the
results of the traditional static steady-state fuel consumption map-
based APU operating point optimization approach, the proposed
DCM and PSO-based approach shows significant improvements
in emission performance, at the expense of a slight drop in fuel
efficiency.

Index Terms—Auxiliary power unit (APU), emissions, fuel con-
sumption, particle swarm optimization (PSO), series hybrid elec-
tric vehicles (SHEVs).

I. INTRODUCTION

A IR POLLUTION, global warming, and petroleum re-
source depletion issues associated with the development

of modern transportation are now problems of paramount con-
cern. Progressively, more rigorous emissions and fuel efficiency
standards are stimulating the aggressive development of safer,
cleaner, and more efficient vehicles [1]. Hybrid electric vehicles
(HEVs) have attracted much attention in the last few years due
to their inherent advantages of improved fuel efficiency and re-
duced hazardous emissions. Among three basic kinds of HEVs
(series, parallel and series–parallel), the series hybrid electric ve-
hicle (SHEV) is a promising solution for next-generation ground

Manuscript received September 10, 2014; revised November 10, 2014; ac-
cepted December 5, 2014. Date of publication December 18, 2014; date of
current version August 21, 2015. This work was supported by the National
High Technology Research and Development Program of China (863 Program)
(No. 2012AA111004) and National Natural Science Foundation of China (No.
61104088). Recommended for publication by Associate Editor S. Williamson.

Y. Wang, Y. Shen, and X. Yuan are with the Department of Electric and
Information Engineering, Hunan University, Changsha 410082, China (e-mail:
yaonan@hnu.edu.cn; shenyongpeng@hnu.edu.cn; yuanxiaofang@hnu.edu.cn).

Y. Yang is with the College of Electric Engineering, Guangxi University, Nan-
ning 530004, China, and also with the Department of Electrical and Computer
Engineering, University of Windsor, Windsor, ON N9B 3P4, Canada (e-mail:
eyyang@uwindsor.ca).

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/TPEL.2014.2383443

vehicle due to its outstanding transient performance and simple
architecture [2].

Improvements in fuel economy and emissions of SHEVs
strongly depend on the supervisory control strategies [3]. On
one hand, the supervisory control strategy determines the power
distribution between auxiliary power unit (APU) and power bat-
tery, so that the power requirement of the driver is satisfied and
the state of charge (SOC) of the battery is maintained in a preset
window. On the other hand, the supervisory control strategy is
responsible for operating the APU with optimum fuel efficiency
and emissions. To improve the fuel efficiency and emissions of
the SHEVs, several approaches have been proposed.

Barsali et al. [4] proposed a novel approach to minimize
the fuel consumption of the SHEVs. Through optimizing the
ON/OFF strategy and instantaneous output power of the gener-
ator, this approach shows fuel efficiency improvements between
1.6% and 1.5% compared with the thermostat control strategy.
Furthermore, in order to maximize the vehicle efficiency, Barsali
et al. also proposed a load forecast algorithm to forecast the fu-
ture load of the vehicle in [5]. Gokasan et al. [6] proposed
a novel approach in the optimization of APU fuel efficiency.
Two chattering-free sliding-mode controllers (SMCs) were de-
veloped to keep the engine operating in the optimal efficiency
region, whenever the engine operation is required due to a drop
in the SOC level. One of the SMCs adjusts the engine throttle
to maintain the engine speed at a certain level, while the other
performs engine/generator torque control via the power con-
verter, so that the engine works in the optimal efficiency region,
despite load variations. Similar approaches include [7]–[10].
Nino-Baron et al. [11] proposed a methodology of calculat-
ing the optimal torque and speed commands for the APU of
an SHEV based on maximal principle, which maximizes the
total system efficiency while producing the requested target en-
ergy in a requested time interval. The APU operation during
the transient, the system mechanical dynamics, and the torque
limitations of the engine and generator were considered in this
paper. For more details about different approaches in improving
fuel efficiency and emissions of SHEVs, see [12]–[15].

One of the general characteristics of the aforementioned ap-
proaches is that they attempt to improve the fuel efficiency and
emissions simultaneously just based on the steady-state fuel effi-
ciency map (SFM) of the engine. However, on the speed–torque
map of an ICE, the locus of maximum fuel efficiency does
not necessarily correspond to the loci of optimum emissions.
In some cases, they are even two sections in the map of opti-
mum performance [16]. In other words, the operating point with
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Fig. 1. Schematic of the APU.

minimum fuel consumption (FC) does not necessarily result in
the minimum emissions. In addition, the transient FC and emis-
sions not only depend on the steady-state fuel efficiency and
emission characteristics, but also depend on the engine coolant
temperature correction factors and three-way catalyst converter
(TWC) removal efficiency (varying with catalyst temperature
and air/fuel (A/F) ratio) [17]. The challenge for the control
strategy is how to balance the goals of higher fuel efficiency
and lower emissions simultaneously, and meanwhile, take into
account the influence of the engine coolant temperature, TWC
temperature, and A/F ratio on the characteristics of fuel effi-
ciency and emissions.

Unlike the aforementioned control strategies that employ the
isolated steady-state speed–torque (power)-SFM and show lit-
tle sensitivity to subtle emissions tradeoffs, as one of the main
contributions of this paper, the dynamic combined cost map is
derived by combining the individual cost maps of FC, HC (Hy-
drocarbons), CO (Carbon Monoxide), NOx (Nitrous Oxides),
and PM (Particulate Matter) with predefined weighting factors.
At the same time, the influence of coolant temperature, TWC
temperature, and A/F ratio on FC and emissions are all consid-
ered in the proposed approach.

As another contribution, the particle swarm optimization
(PSO) is introduced for searching the optimum APU operating
point under three kinds of constraints: 1) searching the optimum
operating point in the whole DCM; 2) searching the optimum
operating point in a specific power interval; and 3) searching
the optimum operating point of a specific power.

This paper is organized as follows. In Section II, the APU
operating point optimization problem is described in detail. In
Section III, the influence of temperature and A/F ratio on FC,
emissions, and catalysts behavior is analyzed. The normaliza-
tion and weighting operation of the dynamic combined cost
map are also discussed in this section. Section IV describes the
principle and implementation steps of the PSO. Three kinds of
constraints are also discussed in this section. In Section V, bench
experiments are carried out over three typical driving cycles, and
comparisons are made between the results of the proposed ap-
proach and that of the baseline SFM-based approach. Finally,
the conclusion is stated in Section VI.

II. PROBLEM STATEMENT

The structure of the APU investigated in this paper is shown
in Fig. 1. It consist of an ICE, an exhaust after-treatment device
(TWC), a generator (permanent magnet synchronous machine

(PMSM) or induction machine), and a power electric device
(acts as motor controller and rectifier).

A common shaft connects the ICE and generator directly.
In the start-up phase, the generator acts as a starting motor,
while in the other working phase, it acts as a battery charger.
The APU operating point optimization program is embedded in
the APU controller; it determines the operating point of the APU
(ncmd , tcmd) according to the power demands instruction Pcmd
from high-level supervisory control strategies. At the same time,
the real-time APU working information, such as catalyst tem-
perature Tcat , normalized A/F ratio λ (λ = A/F

14.67 , where 14.67 is
the ideal stoichiometric value of A/F ratio), coolant temperature
Tice , APU rotate speed n, dc output voltage Vapu , and current
Iapu are input parameters of the APU operating point optimiza-
tion approach. In this paper, the catalyst temperature Tcat and
coolant temperature Tice are sensed by two temperature sen-
sors; the A/F ratio λ is sensed by a universal exhaust gas oxygen
sensor. These signals are processed by an AutoBox, which acts
as an APU controller and implements the APU operating point
optimization approach in the experiment.

The fuel efficiency and emissions of the APU are strongly de-
pendent on the operating point of the APU, regardless of which
kind of high-level supervisory control strategy is utilized. How-
ever, the speed–torque/power–fuel efficiency characteristics and
speed–torque/power–emissions characteristics of the ICE are af-
fected by coolant temperature Tice and TWC removal efficiency
(varying with Tcat and λ) significantly. In general, as the engine
starts up, the engine heats up, which causes the coolant temper-
ature and TWC temperature to increase. Consequently, the fuel
combustion efficiency improves and the TWC removal efficien-
cies increase, and as a result, the fuel efficiency and emissions
improve. Meanwhile, when the engine works, the TWC removal
efficiency fluctuates according to the instantaneous A/F ratio.

Taking into account the influence of coolant temperature and
catalyst removal efficiency on the HC, CO and NOx emission
characteristics, the dynamic emission maps can be derived by
the following equation:

fi(n, t) = f ′′
i (n, t) · ηi(Tice) · ϕi(Tcat , λ) (1)

where i = [HC, CO, NOx], f ′′
i (n, t) are the hot steady-state

emission maps, ηi(Tice) are the coolant temperature correction
factors, ϕi(Tcat , λ) are the catalyst removal efficiencies, and
fi(n, t) are the dynamic emission maps of HC, CO, and NOx.

Since the FC and PM are independent of the catalyst removal
efficiency, the dynamic FC map and PM emissions map are
formulated by the following equation:

fi(n, t) = f ′′
i (n, t) · ηi(Tice) (2)

where i = [FC, PM].
The target of the APU operating point optimization is to

improve the fuel efficiency and emissions simultaneously, how-
ever, on the speed–torque map of an ICE; the locus of maximum
fuel efficiency does not necessarily correspond to the loci of op-
timum emissions, and there is a definite tradeoff between fuel
efficiency and different emissions. Fig. 2 shows a schematic of
desired operating locations of a spark ignition (SI) engine.
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Fig. 2. Fuel efficiency and emissions tradeoffs for an SI engine.

Based on the above analysis, the operating point optimization
problem can mathematically be formulated as a multiobjective
optimization problem (MOP) as follows:

min
(n,t)∈Ω

[fHC(n, t), fCO(n, t),

fNOx(n, t), fFC(n, t), fPM(n, t)] (3)

where Ω is the feasible operating area of the APU, which is
dependent on the high-level supervisory control strategies.

The goals of minimizing FC and emissions can conflict with
each other. The most efficient operating point will likely pro-
duce more pollution than less efficient operating points. More-
over, minimizing the amount of one pollutant can increase the
amount of another. Recognizing this, the next step of the APU
operating point optimization is to allow prioritization of the
relative importance of minimizing the FC and each of the pollu-
tants. However, one cannot directly compare FC and emissions
because they are in different scales. In order to combine and
weight the five metrics, they are first converted to a similar
nondimensional scale. To facilitate this, each of the five met-
rics is normalized to a value between 0 and 1 by the following
equation:

Fi(n, t) =
fi(n, t) − min[fi(n, t)]

max[fi(n, t)] − min[fi(n, t)]
(4)

where i = [HC, CO, NOx, FC, PM] and Fi(n, t) are the nor-
malized maps.

Aggregating the objectives to a scalar function and disposed
as an single-objective optimization problem is an effective way
to solve the MOP. Consequently, the APU dynamic combined
cost map is derived by the weighing process

FCCM(n, t) =
ω1FHC + ω2FCO + · · · + ω5FPM

5∑

i=1
ωi

. (5)

One benefit of this method is that it is able to establish the rel-
ative importance of these constituent factors by adjusting their
respective weighting factor. A feasible guideline for weighting
factors selection is that preset the weighting factors according
to the local emission standards. Due to the fact that different
countries have different emission regulations, and these regula-
tions are becoming more and more stringent, it is essential to
set different combinations of the weighting factors to meet the
local emission standards.

Fig. 3. Schematic of the DCM-based APU operating point optimization ap-
proach.

After the dynamic combined cost map is constructed, the
APU operating point optimization approach should find out
the optimum operating point (n, t) according to the power de-
mands Pcmd and searching area instructions Ω from the high-
level supervisory control strategy, so that the APU controller
manipulates the engine and generator working with high fuel
efficiency and low emissions.

The critical steps of the dynamic combined cost map-based
APU operating point optimization approach are summarized as
follows:

Step 1: Construct the hot steady-state FC and emission
maps f ′′

HC(n, t), f ′′
CO(n, t), f ′′

NOx(n, t), f ′′
FC(n, t)

and f ′′
PM(n, t) through bench tests.

Step 2: Correct the hot steady-state FC and emission maps by
applying the coolant temperature correction factors
ηi(Tice) according to the real-time coolant tempera-
ture.

Step 3: Apply the catalyst removal efficiency ϕi(Tcat , λ) to
the engine direct HC, CO, and NOx emissions ac-
cording to the real-time catalyst temperature and A/F
ratio.

Step 4: Normalize the constituent factors by (4) and ap-
ply the weighting (5); then, the combined cost map
FCCM(n, t) is derived.

Step 5: Searching the optimum operating point (n, t) in the
candidate operating area Ω according to the power
demands Pcmd of the high-level supervisory control
strategy.

The above critical steps of the DCM-based APU operating
point optimization approach are graphically demonstrated in
Fig. 3.

III. DERIVATION OF THE DYNAMIC COMBINED COST MAP

In this section, the process of constructing the dynamic com-
bined cost map based on the bench test data of real-world engine
and motor is discussed step by step.

A. Hot Steady-State Maps

The hot steady-state (90 ◦C of coolant) FC and emission maps
(HC, CO, NOx and PM) is derived from the bench test data of a
42-kW naturally aspirated direct injection engine, as shown in
Fig. 4(a) – (e). Here, the generator efficiency is also considered.
Thus, the fuel efficiency is referred to as fuel-electricity (FE)
conversion efficiency, and the FE cost map is introduced by the
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Fig. 4. Hot, steady-state (90 ◦C of coolant) maps of the engine and generator. (a) HC map. (b) CO map. (c) NOx map. (d) PM map. (e) FC map. (f) Generator
efficiency map.

following equation:

f ′′
FE(n, t) = 1 − 360 · f ′′

GE(n, t)
f ′′

FC(n, t) · QLHV
(6)

where f ′′
FE(n, t) is the resulted FE cost map, f ′′

GE(n, t) is the
generator efficiency map illustrated in Fig. 4(f) which is derived
from the bench test data of a 35-kW PMSM, and QLHV is the
lower heating value of gasoline (4.34 × 107 J/kg). The resulted
FE cost map of the APU is shown in Fig. 5. The FE cost is
essentially the energy loss ratio in the process of FE conversion.
One other thing to note is that the full-load characteristics of
the APU are determined by the full-load characteristics of both
engine and generator. Thus, the candidate operating area of the
APU is the intersection area of the engine full load curve and
generator full load curve, as shows in Fig. 5.

B. Coolant Temperature Correction Factors

Engine performance, efficiency, and emissions are signifi-
cantly affected by the coolant temperature [18]. When the engine
is operating at conditions other than fully warm, fuel efficiency
and emissions will deteriorated seriously.

In order to quantitatively analyze the influence of the coolant
temperature on FC and emissions, the tests are performed on
an engine dynamometer where all engine accessories except
for oil pump, alternator, and coolant pump are removed. The
radiator and thermostat in the cooling system are removed and
replaced with a coolant conditioning device (AVL553), which
is capable of adjusting the coolant temperature to a desired
set point. For every coolant temperature set point, the test is
repeated for two New European Driving Cycle (NEDC) driving
cycles, the total FC and emissions are measured. The coolant

temperature correction factors are defined as

ηi(Tice) =
ζi(Tice)
ζi(90)

(7)

where i = [HC, CO, NOx, FC, PM], ζi(Tice) are the total FC and
emissions while coolant temperature is set to Tice , and ζi(90)
are the total FC and emissions while coolant temperature is set
to 90 ◦C.

For FC, HC, CO, and NOx emissions, the coolant tempera-
ture correction factors are then plotted against Tice , as shown in
Fig. 6. Curve fitting is used to characterize the coolant temper-
ature correction factors continuously. The curve fitting results
of the coolant temperature correction factors are described as
follows:

ηi(Tice) = a0
i e

−0.5((T i c e −a1
i )/a2

i )2

+b0
i e

−0.5((T i c e −b1
i )/b2

i )2

+ c0
i Tice sin(Tice) + c1

i

(8)

where i = [HC, CO, NOx, FC, PM], and a0
i , a1

i , a2
i , b0

i , b1
i , b2

i ,
c0
i , and c1

i are parameters of the fitting results and their exact
values are detailed in Appendix A.

When applying the coolant temperature correction factors, it
is important to note that the coolant temperature correction fac-
tors were developed in a quasi-steady manner, and they cannot
represent exactly that of the transient operating conditions of
the engine.

C. Catalyst Removal Efficiencies

Since 1980, the TWC has been used to convert harmful emis-
sions of hydrocarbons, carbon monoxide, and oxides of nitro-
gen into less harmful gases in order to meet the strict emission
standards [19]. The removal efficiency of the TWC is strongly
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Fig. 5. FE efficiency map of the APU.

Fig. 6. Engine coolant temperature correction factors.

dependent on the A/F ratio of the exhaust gas and temperature
of the catalyst [17], [20].

The removal efficiency of the catalyst δ is defined as follows:

δ =
molini − molouti

molini
× 100% (9)

where i = [HC, CO, NOx], and molini and molouti are the
number of gas moles entering and leaving the TWC, respec-
tively.

The relation between harmful gases removal efficiency and
A/F ratio catalyst temperature is formulated as (10) through
surface fitting. Fig. 7 shows the fitting surfaces of the HC, CO,
and NOx removal efficiency versus λ and Tcat :

ϕi(Tcat , λ) = p0
i

(

0.5 + arctan
(

Tcat − p1
i

πp2
i

))

·
(

0.5 + arctan
(

λ − p3
i

πp4
i

))

(10)

where i = [HC, CO, NOx], and p0
i , p1

i , p2
i , p3

i , and p4
i are pa-

rameters of the fitting results and their exact values are detailed
in Appendix B.

D. Normalization and Weighting

The normalization and weighting operations are based on
(4) and (5), respectively. When Tice = 85, Tcat = 350, and
λ = 0.995, the dynamic combined cost maps with different
weighting factors are illustrated in Fig. 8. Fig. 8(a) with
ω = [0.1,0.05,0.05,0.7,0.1] is mainly created for FC reduction,
Fig. 8(b) with ω = [0.2,0.2,0.2,0.2,0.2] is a more mixed dynamic
combined cost map, in which FC and all hazardous emissions
are considered equally important, while Fig. 8(c) with ω =
[0.1,0.6,0.1,0.1,0.1] mainly aims at CO reduction.

IV. OPTIMUM OPERATING POINT SEARCHING BASED ON PSO

As illustrated in Fig. 8, the contour plots of the dynamic
combined cost maps show that the APU operating point opti-
mization problem is a 2-D optimization problem with a large
number of local extreme values. To find the optimum operat-
ing point in the solution space Ω, the general approach in HEV
fields is traversing over the solution space and recording the
optimum result [16], [21]. Although simple in arithmetic, it is
inefficient and inaccurate. Many optimization approaches have
been successfully applied in science and engineering, and these
approaches can be classified into two categories: 1) the classic
calculus-based approaches, such as Newton’s method, steepest
descent, and conjugate gradient; and 2) the evolutionary ap-
proaches, such as genetic algorithm, differential evolutionary
algorithm, and PSO. Compared with the former approaches, the
evolutionary approaches have a salient advantage that they do
not require restrictive assumptions about solution space, such as
continuity, differentiability, and unimodality. Among various of
evolutionary approaches, PSO is a remarkable one because its
algorithm is conceptually much simpler than other evolution-
ary approaches and thus demands lower computational costs.
This feature is extremely important when the PSO is applied
to real-time APU operating point optimization. Furthermore, it
has high global convergence speed and local search ability. In
view of the above advantages of the PSO, it is utilized to search
the optimal APU operating point in this paper.

A. PSO Algorithm

PSO is a population stochastic optimization algorithm devel-
oped by Kennedy and Eberhart, who were inspired by the social
behavior of bird flocking[22]. It has been used to solve a range
of optimization problems, such as parameter identification [23],
[24], maximum power point tracking for the photovoltaic sys-
tem [25], and HEVs parameter optimization [26], [27]. In PSO,
all particles fly through the problem space by following the op-
timum particles. During each iteration, each particle accelerates
in the direction of its own personal best solution found so far, as
well as in the direction of the global best position discovered so
far by any of the particles in the swarm. This means that if a par-
ticle discovers a promising new solution, all the other particles
will move closer to it, exploring the region more thoroughly in
the process [28].

For a d-dimensional optimization problem with swarm size
N , in generation k, each individual particle (1 ≤ i ≤ N ) has



WANG et al.: OPERATING POINT OPTIMIZATION OF APU BASED ON DYNAMIC COMBINED COST MAP AND PSO 7043

Fig. 7. Curved surfaces of the removal efficiency versus λ and Tcat . (a) HC removal efficiency surface. (b) CO removal efficiency surface. (c) NOx removal
efficiency surface.

Fig. 8. Dynamic combined cost maps with different weighting factors. (a) ω = [0.1,0.05,0.05,0.7,0.1]. (b) ω = [0.2,0.2,0.2,0.2,0.2]. (c) ω = [0.1,0.6,0.1,0.1,0.1].

the following attributes: a current position pi
j (k) in the search

space Ωd , where j is the jth dimension of the particle (j =
1, . . . , d), a current velocity vi

j (k), and a personal best position
Pbi = [pbi

1 , . . . , pbi
d ]. During each iteration, each particle i in

the swarm is updated in the jth dimension using the velocity
update formula (11) and the position update formula (12):

vi
j (k + 1) = μ · vi

j (k)
︸ ︷︷ ︸

velocity reference

+ τ1r1 [pbi
j (k) − pi

j (k)]
︸ ︷︷ ︸

individual optima reference

+ τ2r2 [pgj (k) − pi
j (k)]

︸ ︷︷ ︸
global optima reference

(11)

pi
j (k + 1) = pi

j (k) + vi
j (k + 1). (12)

The velocity update formula can be divided into three sub-
formulas, the current velocity reference formula, the individual
optima reference formula, and the global optima formula, as
shown in the (11), where μ is the inertia weight, r1 and r2 are
two random values in range [0, 1], and τ1 and τ2 are the accel-
eration coefficients. Pg = [pg1 , . . . , pgd ] is the global optimal
position.

The individual best position of each particle is updated by

Pbi(k + 1) =

{
Pbi(k), f [P i(k + 1)] ≥ f [Pbi(k)]

P i(k + 1), f [P i(k + 1)] < f [Pbi(k)]
(13)

and the global best position is defined as

Pg(k) = arg min f [Pbi(k)], 1 ≤ i ≤ N. (14)

After the positions of all particles are evaluated, corrections
are made to the Pbi and Pg. The optimization program repeats
this cycle until the desired objective value is obtained or the
maximum iteration number is reached.

B. Optimum Operating Point Searching Based on PSO

According to the different high-level supervisory control
strategies, the APU operating point optimization problem can
be classified into three main categories: 1) searching the opti-
mum operating point in the whole dynamic combined cost map
[2], [4], that is, Ω = R, where R means all the feasible operat-
ing area of the dynamic combined cost map; 2) searching the
optimum operating point in a specific power interval [21], that
is, Ω = [Plow , Phigh ]; and 3) searching the optimum operating
point with a specific power value [6], [8], that is, Ω = Pset . For
different searching space Ω, the APU operating point optimiza-
tion problem has different constraints. These constraints must
be disposed separately [29].

1) Ω = R: In this case, the constraints of the APU operating
point optimization problem are described as follows:

{
nmin ≤ n ≤ nmax

tmin ≤ t ≤ ftm (n)
(15)

where nmin and nmax are the minimum and maximum speed of
the APU, respectively. ftm (n) is the maximum APU torque as
shown in Fig. 9, and it can be formulated as (16) through curve
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Fig. 9. Maximum torque curve, initial population, and optimum operating
point when Ω = R.

Fig. 10. Average fitness and best fitness profiles.

fitting

ftm (n) = β4n
3 + β3n

2.5 + β2n
2 + β1n + β0 (16)

where β0 , β1 , β2 , β3 , and β4 are the polynomial coefficients and
their exact values are detailed in Appendix C.

As an example of Ω = R, for the combined cost map when
Tice = 85, Tcat = 350, λ = 0.995, and ω = [0.1, 0.6, 0.1, 0.1,
0.1], the distribution of the initial population and the optimiza-
tion result both are shown in Fig. 9, where the parameters of the
PSO are set as μ = 0.8, τ1 = 0.2, τ2 = 0.2, and N = 450. The
average cost value and best cost value profiles versus iteration
numbers are shown in Fig. 10.

2) Ω = [Plow , Phigh ]: When Ω = [Plow , Phigh ], the search-
ing space Ω is restricted to a certain power interval and the
constraints are described as

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

max(nmin ,Ξx(ftm (n), g(Plow , n))) ≤ n ≤
min(nmax ,Ξx(t = tmin , g(Phigh , n)))

max(tmin , g(Plow , n)) ≤ t ≤ min(ftm (n),

g(Phigh , n))

(17)

where Ξx(ftm (n), g(Plow , n)) is the x coordinate of the inter-
section point of ftm (n) and g(Plow , n), ftm (n) is the APU full
load curve, and g(P, n) is a formula that describes the relation
between torque and speed when power is P

g(P, n) =
30 · P
πn

. (18)

Fig. 11. Initial population, optimum operating point, and upper and lower
power isoline when Ω = [5, 25].

Fig. 12. Optimum operating points at different Pset between 1 and 33 kW.

As an example of Ω = [Plow , Phigh ], for the combined
cost map when Tice = 85, Tcat = 350, λ = 0.995, and ω =
[0.1,0.05,0.05,0.7,0.1], the feasible solution space, initial pop-
ulation distributions, optimum operating point, and upper and
lower power isoline are shown in Fig. 11, where [Plow , Phigh ] =
[5, 25] and the population size is set to N = 25 · (Phigh − Plow ).

3) Ω = Pset: When Ω = Pset , the APU operating point opti-
mization problem is a 1-D optimization problem, the constraints
are described as

{
nmin ≤ n ≤ nmax

t = g(Pset , n).
(19)

In this case, all particles move along the power isoline
t = g(Pset , n) and toward the point with the minimum com-
bined cost value. When Tice = 85, Tcat = 350, λ = 0.995, and
ω = [0.1,0.05,0.05,0.7,0.1], the results of the optimum operat-
ing points at different Pset between 1 and 33 kW with power
interval of 1 kW are shown in Fig. 12. The global optimum
operating point and some power isolines are also shown in
Fig. 12. The combined cost values of different Pset are shown
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Fig. 13. Combined cost values of different Pset between 1 and 33 kW.

Fig. 14. Schematic diagram and photo of the experimental bench.
(a) Schematic diagram. (b) Photo.

in Fig. 13; obviously, the global optimum operating point is
(n, t) = (2712.2, 50.8), where the power is 14.43 kW and the
minimum combined cost value is 0.0368. Here, the parameters
of the PSO are set as: μ = 0.8, τ1 = 0.2, τ2 = 0.2, N = 200,
and the maximum iteration number tmax = 30.

V. BENCH EXPERIMENT AND RESULTS ANALYSIS

A. Experimental Facility and Process

In order to validate the effectiveness of the proposed DCM and
PSO-based APU operating point optimization approach, bench
experiments are carried out based on the AVL PUMA Open test
system. The schematic diagram and photo of the experimental
bench are shown in Fig. 14(a) and (b), respectively. The function
of each component of the experimental bench is described as
follows.

1) AutoBox: A rapid control prototyping toolkit. It is a real-
time controller with real I/O interfaces. Here, it acts as
an APU controller, which implements the APU oper-
ating point optimization approach and then outputs the
resulted APU operating point (n, t).

2) AVL Puma Open: A test bench automation system. It
offers an integrated solution for data acquisition and
experiment procedure management. Here, it receives
speed/torque (n, t) command from the AutoBox through
CAN bus and manipulates the dynamometer/engine
works in “T/N” mode (defined by AVL, it means that
the dynamometer works in torque control mode and en-
gine works in speed control mode);

3) Dynamometer: An ac electric dynamometer. Here, it
serves as a controllable load of the engine.

4) Control Cabinet: An electric device that is used to drive
the electric dynamometer according to the torque com-
mand of the AVL Puma Open.

5) AMA i60: Exhaust measurement device. It reports the
HC, CO, and NOx emissions of the engine.

6) AVL 472: A partial-flow particulate sample device. It
reports the PM emission of the engine.

7) AVL 735: Fuel mass flow meter. It reports the FC of the
engine.

8) AVL 553: Coolant temperature regulating system. It is
used to regulate the coolant temperature to 20 ◦C before
each driving cycle.

9) MAF: Air mass flow meter. It reports the engine intake
air mass flow rate, which is a parameter used in exhaust
emission data processing.

10) Sensor box: An integrated sensor signal process unit.
Here, it used to collect sensor signals such as temperature
and humidity of the engine intake air and temperature of
the TWC.

The three driving cycles used in the experiment are NEDC,
Federal test procedure (FTP), and High way fuel economy test
(HWFET). The power following charge depleting (PFCD) strat-
egy is utilized as the high-level supervisory control strategy in
the experiment [1]. According to the PFCD, the APU starts im-
mediately when the SOC below its lower desired level SOCmin .
Then, the PFCD sends APU power demand command Pcmd to
APU controller according to the real-time vehicle power de-
mand. In order to suppress the transient of the engine power, the
following limitations are imposed on the APU: the “minimum
time engine remains off” is set to 60 s, the “maximum rate of
engine power increase” and “maximum rate of engine power
decrease” are both set to 0.5 kW/s, and the “minimum power of
the APU” is set to 3.75 kW. Here, the higher desired SOC level
SOCmax is set to 0.7, SOCmin is set to 0.3, and the changes
in SOC between the beginning and the end of each driving cy-
cle are limited to less than ±0.5%, such that the experiment is
considered charge-neutral (no net battery energy is consumed
over the course of a driving cycle). In the beginning of each
driving cycle, the SOC is set to 0.3, such that the APU starts
immediately when the “minimum time engine remains off” is
reached. The vehicle speed profile, the resulted Pcmd profile,
battery power Pbat , and SOC profiles of the NEDC, FTP, and
HWFET driving cycles are shown in Fig. 15(a) and (b). It can
be seen from Fig. 15(b) that the SOC deviation between the
start and end of each driving cycle is very small (0.302% for
NEDC, 0.414% for FTP, and 0.107% for HWFET). The battery
functions only as a power damper which supplies the peaking
power demand of the vehicle and absorbs the charging power
from the APU and regenerative braking. In Fig. 15(b), positive
Pbat represents discharging power and negative Pbat represents
charging power.

The overall experiment process is described as follows. First,
the power demands Pcmd of NEDC, FTP, and HWFET driv-
ing cycles are calculated according to the vehicle dynamics and
PFCD [1]. Here, the vehicle speed profiles and the resulted Pcmd
profiles of the three driving cycles are shown in Fig. 15(a). Sec-
ond, the AutoBox determines the real-time APU power demands
according to the runtime of the experiment and the Pcmd curves,
and then, it runs the optimization routines. The resulted APU
operating point (n, t) is sent to AVL Puma Open through CAN
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Fig. 15. Vehicle speed, power demand, battery power, and SOC profiles of the NEDC, FTP, and HWFET driving cycles. (a) Vehicle speed and power demand
profiles. (b) Battery power and SOC profiles.

bus. Third, the AVL Puma Open set the experimental bench to
“T/N” mode; the expected engine speed n and dynamometer
torque t are sent to engine speed regulation unit and the dy-
namometer control cabinet, respectively. The above process is
repeated at a frequency of 1 Hz until the end of the driving cycle
is reached. After one driving cycle is completed, the coolant
temperature is regulated to 20 ◦C by AVL 553; the TWC tem-
perature is regulated to 20 ◦C through natural cooling before the
beginning of the next driving cycle.

Here, the proposed approach is compared with the traditional
static steady-state FC map (SFM)-based approach. For the SFM-
based approach, it shares the same experimental facility and
process with the proposed approach, except that the SFM-based
approach calculates the APU operating point (n, t) according to
the SFM and optimal brake-specific fuel consumption curve.

In the experiment, the parameters of the PSO are set as: μ =
0.8, τ1 = 0.2, τ2 = 0.2, N = 200, and tmax = 30; the weight-
ing factors of the DCM are set to ω = [0.1, 0.05, 0.4, 0.4, 0.05].

B. Experimental Results analysis

The real-time fuel rates of the proposed approach and SFM-
based approach are shown in Fig. 16. It can be seen that there
is no marked differences between the instantaneous fuel rate
of the two approaches. The real-time emission rates of the two
approaches are shown in Fig. 17(a) and (b), respectively. Fur-
thermore, since the AVL 472 is a partial-flow particulate sample
device and it gives only the total weight of the PM which gen-
erated during one test cycle, only the real-time HC, CO, and
NOx emission rates are shown in Fig. 17(a) and (b). As can be
seen in Fig. 17(a) and (b), the emission rates of the HC, CO,
and NOx are relatively very high in the initial phase of each test
cycle; this is mainly due to that the catalyst temperature is be-
low the light-off temperature and the removal efficiency is very

Fig. 16. Fuel rate of the two approaches under NEDC, FTP, and HWFET
driving cycles.

low. As experiment continues, the catalyst temperature as well
as its removal efficiency increases gradually, and the emission
rate of the pollutants decreases dramatically. Compared with
Fig. 17(a), it can be seen that Fig. 17(b) shows significant re-
duction in the instantaneous emission rate of NOx. As for the
HC and CO, their reduction rates are relatively small compared
with that of the NOx.

The quantitative results of total FC, HC, CO, NOx, and PM
production of the two approaches are presented in Table I. In
the third column of each metric, we compared the experimen-
tal results of the SFM-based approach with that of the DCM
and PSO-based approach by RDCM−RSFM

RSFM
× 100%, where RDCM
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Fig. 17. HC, CO, and NOx emissions under NEDC, FTP, and HWFET driving cycles. (a) Results of the SFM-based approach. (b) Results of the DCM and
PSO-based approach.

TABLE I
EXPERIMENTAL RESULTS OF THE TWO APPROACHES

Cycles FC(L/100km) HC(g/km) CO(g/km) NOx(g/km) PM(mg/km)

SFM DCM % SFM DCM % SFM DCM % SFM DCM % SFM DCM %

NEDC 6.32 6.41 1.42 0.108 0.099 −8.43 1.053 0.986 −6.41 0.095 0.074 −22.69 5.3 4.9 −7.55
FTP 7.01 7.15 2.00 0.115 0.111 −3.35 1.09 1.053 −3.35 0.124 0.104 −16.16 6.1 5.9 −3.28
HWFET 4.91 4.98 1.43 0.064 0.055 −13.33 0.883 0.825 −6.52 0.077 0.057 −26.04 3.8 3.7 −2.63
Average 6.08 6.18 1.62 0.095 0.088 −8.36 1.009 0.955 −5.43 0.099 0.078 −21.63 5.1 4.8 −4.49

and RSFM are the experimental results of the two approaches,
respectively. According to the technical specification of the ex-
perimental bench, the measuring precision of the FC and PM
are ±0.12% and ±1%, respectively. The measuring precision
of the HC, CO, and NOx is ±1%. The measuring precision of
HC, CO, and NOx is defined as 2.5 times the standard deviation
of ten repetitive responses to a given calibration gas. To ensure
the measuring accuracy, the AMA i60 is calibrated by using a
zero gas and a span gas before and after each driving cycle, and
the zero drift, as well as the span drift between the pretest and
posttest calibration is less than ±2%.

It can be seen from Table I that for all of the three driv-
ing cycles, the four air pollutants of the DCM and PSO ap-
proach are decreased to different extent compared with that of
the SFM-based approach, at the sacrifice of a slight increase in
FC (1.62% average). Furthermore, the NOx emissions of the
DCM and PSO-based approach are significantly decreased (av-
erage 21.63%), while the other emissions (HC, CO, and PM )
are slightly decreased (average 8.36% for HC, 5.43% for CO,
and 4.49% for PM). This is due to that the weighting factors are
set to ωHC = 0.1, ωCO = 0.05, ωNOx = 0.4, ωFC = 0.4, and
ωPM = 0.05, and the main aim of the DCM is to improve the
NOx emissions. The results of NEDC, FTP, and HWFET driv-
ing cycles show that the emission reduction rates are positively

correlated with the weighting factors. However, for different
driving cycles, the emissions reduction rates are different, such
as the HC reduction rate for HWFET driving cycle is −13.33%,
while for FTP driving cycle, it is only −3.35%. The FC increas-
ing rates vary for different driving cycles too, and for NEDC,
FTP, and HWFET driving cycles, they are 1.42%, 2.00%, and
1.43%, respectively. These indicate that the proposed APU op-
erating point method can effectively reduce the HC, CO, and
NOx emissions at the expense of a slight drop in fuel efficiency,
and the emissions reduction rates are positively correlated with
the predefined weighting factors and determined by the specific
driving cycle.

VI. CONCLUSION

In this paper, a new methodological approach has been de-
veloped for the APU operating point optimization problem. The
innovation of the proposed DCM and PSO-based APU operating
point optimization approach can be summarized as follows:

1) Recognizing that transient FC and emissions are not only
dependent on the hot steady-state maps, but also are signif-
icantly affected by the working conditions of engine and
TWC, the proposed approach quantitatively analyzes the
influence of coolant temperature Tice , catalyst temperature
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TABLE II
PARAMETERS OF ηi (Tice )

Parameters HC CO NOx FC PM

a0
i 0.087225 −1.322934 0.352634 −0.495008 −5.3397

a1
i 17.413522 76.585893 101.626343 100.070916 90.171155

a2
i 7.78678 51.156092 −14.996619 16.269422 −1.891372

b0
i −0.667302 2.587353 1.214584 0.671653 −2.22426

b1
i 100.227471 90.824325 10.420419 −1.284121 148.819073

b2
i −15.573819 −1.760348 5.807783 24.807007 −52.547185

c0
i 1.619766 2.093846 0.692571 1.464059 2.49953

c1
i 6.6921E−5 −0.000141 −0.000157 5.7879E−5 0.00034

Tcat , and A/F ratio λ on the speed–torque–fuel efficiency
characteristics and speed–torque–emissions characteris-
tics of the APU.

2) Noting that the locus of maximum fuel efficiency on the
speed–torque map of an ICE does not necessarily cor-
respond to the loci of optimum emissions and there is
a definite tradeoff between high fuel efficiency and low
emissions, the dynamic combined cost map is proposed
by combining the individual cost maps [FC, HC, CO,
NOx, PM] with predefined weighting factors, so as to bal-
ance the potentially conflicting goals of FC and emissions
reduction in the choice of operating point.

3) In order to search the optimum APU operating point ac-
curately and efficiently, the PSO is introduced and three
kinds of constraints are discussed according to which
high-level supervisory control strategy of the vehicle is
utilized.

The proposed DCM and PSO-based optimization approach
is validated in bench experiment over three typical driving cy-
cles. The experimental results show that compared with the
SFM-based approach, the results of the DCM and PSO-based
optimization approach show significant improvements in the
performance of emissions for all of the three tested driving cy-
cles at the expense of a slight drop in fuel efficiency. In the
face of growing air pollution, compared with the traditional
APU operating point which focuses only on the fuel efficiency
and shows little sensitivity to the subtle emissions tradeoffs, the
proposed approach opens a new way for the development of
APU control strategy, especially in China, where the air qual-
ity is almost intolerable. The performance of the proposed APU
operating point optimization approach under different combina-
tions of weighting factors, as well as under different high-level
supervisory control strategies, is an important topic that requires
further research.

APPENDIX

A. ηi(Tice)

ηi(Tice) = a0
i e

−0.5((T i c e −a1
i )/a2

i )2

+ b0
i e

−0.5((T i c e −b1
i )/b2

i )2

+ c0
i Tice sin(Tice) + c1

i

where i = [HC, CO, NOx, FC, PM]; the curve fitting parameters
a0

i , a1
i , a2

i , b0
i , b1

i , b2
i , c0

i , and c1
i are detailed in Table II.

TABLE III
PERFORMANCE INDEX OF ηi (Tice )

Parameters HC CO NOx FC PM

RMSE 0.005012 0.015373 0.016817 0.004704 0.015011
SSE 0.000276 0.002599 0.003111 0.000243 0.002479
R 0.999814 0.998309 0.999147 0.999918 0.999618
DC 0.999628 0.99662 0.998294 0.999836 0.999237
Chi-Square 0.000109 0.001238 0.001184 8.991261 0.000555
F-Statistic 24213.821 2653.684 5266.822 54712.981 11781.545

TABLE IV
PARAMETERS OF ϕi (Tcat , λ)

Parameters HC CO NOx

p0
i 0.94232461 1.07994401 1.01822095

p1
i 166.36487625 201.08182848 417.33188165

p2
i 75.17204044 73.68983918 −54.25715017

p3
i 0.99351848 0.99295057 0.9944181

p4
i 0.00049265 0.00032866 0.00104812

TABLE V
PERFORMANCE INDEX OF ϕi (Tcat , λ)

Parameters HC CO NOx

RMSE 0.02073319 0.02364406 0.03877321
SSE 0.38687883 0.50313725 1.35302541
R 0.99857771 0.99806104 0.99339897
DC 0.99643333 0.99612582 0.98683841
Chi-Square 4.19694382 2.29775829 2.91330977
F-Statistic 315013.595885 230893.641724 67346.957342

TABLE VI
PARAMETERS AND PERFORMANCE INDEX OF ftm (n)

Parameters Performance index

β0 269.09425341 RMSE 1.11575721
β1 −0.43572528 SSE 39.8372526
β2 0.00072648 R 0.99774424
β3 −1.6969E−5 DC 0.99549356
β4 1.1138E−7 Chi-Square 0.13707131
− − F-Statistic 6627.142718

The performance indexes of the fitting results are shown in
Table III, where RMSE is the root-mean-square error, SSE is
the sum of square error, R is the correlation coefficients, and
DC is the determination coefficient.

B. ϕi(Tcat , λ)

ϕi(Tcat , λ) = p0
i

(

0.5 + arctan
(

Tcat − p1
i

πp2
i

))

·
(

0.5 + arctan
(

λ − p3
i

πp4
i

))

where i = [HC, CO, NOx]; the surface fitting parameters p0
i ,

p1
i , p2

i , p3
i , and p4

i are detailed in Table IV.
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The performance indexes of the surface fitting results are
shown in Table V.

C. ftm (n)

ftm (n) = β4n
3 + β3n

2.5 + β2n
2 + β1n + β0 .

The curve fitting parameters β0 , β1 , β2 , β3 , and β4 and the
performance indexes are shown in Table VI.
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