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Abstract—This study involves the improvement of overall effi-
ciency in series hybrid-electric vehicles (SHEVs) by restricting the
operation of the engine to the optimal efficiency region, using a con-
trol strategy based on two chattering-free sliding mode controllers
(SMCs). One of the designed SMCs performs engine speed con-
trol, while the other controls the engine/generator torque, together
achieving the engine operation in the optimal efficiency region of
the torque-speed curve. The control strategy is designed for appli-
cation on a SHEV converted from a standard high mobility mul-
tipurpose wheeled vehicle (HMMWV) and simulated by using the
Matlab-based PNGV Systems Analysis Toolkit (PSAT). The per-
formance of the control strategy is compared with that of the orig-
inal PSAT model, which utilizes PI controllers, a feedforward term
for the engine torque, and comprehensive maps for the engine, gen-
erator and power converter (static only), which constitute the aux-
iliary power unit (APU). In this study, in spite of the simple mod-
eling approach taken to model the APU and the optimal efficiency
region, an improved performance has been achieved with the new
SMC based strategy in terms of overall efficiency, engine efficiency,
fuel economy, and emissions. The control strategy developed in this
work is the first known application of SMC to SHEVs, and offers
a simple, effective and modular approach to problems related to
SHEVs.

Index Terms—Auxiliary power unit (APU), engine optimal ef-
ficiency operation, series hybrid electric vehicles (HEVs), sliding
mode controller (SMC).

I. INTRODUCTION

HYBRID electric vehicles (HEVs) offer the most economi-
cally viable choices in today’s automotive industry, while

also providing solutions for high fuel economy and very low
emissions. The most common HEVs take on two major forms;
series and parallel HEVs. The drawbacks of the series HEVs
(SHEVs) over parallel types are the requirement for two elec-
trical machines and larger dimensions for the traction motor,
in addition to the losses incurred during the conversion of the
mechanical to electrical energy and back to mechanical energy
again. On the other hand, the mechanically decoupled structure
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of the engine from the wheels in SHEVs also presents some ad-
vantages; i.e., the use of electric motors alone for traction gives
rise to the possibility of very low operating noise, offering ben-
efits particularly in military operations; additionally, higher ef-
ficiency levels can be achieved for the engine by not allowing
its operation outside of its optimal efficiency region, except for
short transient durations. For more information on HEVs and
electrical vehicles (EVs), the readers is referred to [1]–[5] ad-
dressing many important aspects of the technology involved and
[6] and [7] for the modeling and control of power trains in both
parallel and series type HEVs.

The SHEV powertrain considered in this work consists of a
battery bank and an engine-generator set which is referred to as
the auxiliary power unit (APU), two traction motors, and power
electronic circuits to drive the generator and traction motors.
The control unit of the powertrain executes two main control
algorithms.

1) Control of the traction motors, which involves the delivery
of the torque value (demanded by the driver) to the wheels.

2) Control of the APU, which is particularly important in
terms of efficiency and emissions in SHEVs. The general
strategy is based on the operation of the engine in its
optimal efficiency region with the consideration of the
battery state-of-charge (SOC). By controlling the engine
speed and generator torque, the engine is forced to operate
in its highest possible efficiency region.

In the existing literature related to SHEVs, studies are mostly
concentrated on the control of the APU. Among these studies,
[8] presents a fourth-order linear adaptive dynamic program-
ming method for the control of the APU. This method requires
minimal a priori knowledge of the plant. In [9], cascade PI con-
trollers are utilized for APU control. The signal obtained with
the addition of a feedforward term to the cascade PIs used for
engine speed control in the outer loop, performs the torque con-
trol of the generator. However, the highly nonlinear nature of the
system poses problems in the determination of PI controller pa-
rameters and feedforward terms. A simulation program called
PSIM is given in [10], presenting simulation results for logic
decision mechanisms designed for the control strategy of both
series and parallel HEVs. [11] introduces a control rule based on
complex calculation methods that make use of the engine effi-
ciency map, driver power demand, dc source and battery model.
In [12], a Matlab/Simulink based model is derived for the sim-
ulation of SHEVs and in [13], this model is used for the simu-
lation of the system under different driving schedules. In [14],
two algorithms are developed for SHEV control to achieve max-
imum energy efficiency by determining the generator ON/OFF
period and to produce demanded torque when the generator is
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ON. One of the algorithms is used for the derivation of the bat-
tery SOC, maximum power and losses, while the second algo-
rithm makes some forecasts of the system load. However, the
synthesis of the two algorithms requires a number of compli-
cated routines as well as modeling of various components, such
as the battery.

Time varying parameters and the highly nonlinear nature of
the vehicle systems make them very suitable for sliding mode
control (SMC), which is a widely used robust control method
[15], also gaining popularity in automotive applications due
to its robustness against parameter and model uncertainties,
as well as external disturbances. Some of the most recent
literature using various SMC designs for the control of internal
combustion engines in standard automotive vehicles can be
listed as follows: in [16], a basic discontinuous SMC structure
is employed, which is designed based on the concept of zero
dynamic stability to determine and minimize the number of
states in the control structure; in [17], a second-order SMC
is designed and its performance is compared to that of a PI
controller with experiments; in [18], several SMC design
methods are presented for recent automotive applications; in
[19], a SMC is proposed which involves designing an addi-
tional observer to reconstruct the system states for use by the
controller and finally, in [20], a sliding mode control (SMC)
based algorithm is designed for the operation of the engine in
the optimal efficiency region, with the engine being operated
only when SOC falls under a preset limit.

The major contribution of this study is the development of
two chattering—free SMCs for the engine speed and torque con-
trol to achieve increased overall efficiency in SHEVs. To the
authors’ best knowledge, this is the first known application of
SMC to SHEVs for the simultaneous control of the engine speed
and generator torque in order to operate the engine in its optimal
efficiency region. The proposed control also aims to exploit the
robustness properties of SMC against the model and parameter
uncertainties of the APU components; namely, the engine, gen-
erator and power converter. The control strategy is designed
for application on the recent SHEV prototype, XM1124, con-
verted from a standard high mobility multipurpose wheeled ve-
hicle (HMMWV) and is mainly based on the operation of the
engine only when necessary (i.e., when the battery SOC drops
below a predetermined level), and stopping engine operation as
soon as the SOC increases above that given level. The two chat-
tering-free SMCs are run simultaneously to achieve the optimal
efficiency operation of the engine; to this aim, one of the con-
trollers maintains the engine speed in the optimum region, while
the other SMC keeps the engine torque in the optimal region by
controlling the power converters of the generator. The major ad-
vantage of the designed SMCs is the robustness provided against
parameter and model uncertainties as well as external distur-
bances, which, in turn, allows simple models to be used for the
engine, generator and converter. The developed control methods
in this study are tested on a computer simulation model of a
XM1124 prototype created using the Matlab/Simulink based
PNGV System Analysis Toolkit (PSAT Version 4.1) [21], [22].
As explained in [23], the verification of the PSAT based simu-
lated data with the actual data obtained during field testing of
the prototype HMMWV has indicated that the PSAT simula-
tion model could be used with minor modifications to provide a
baseline upon which alternate components, configurations, and

control strategies can be built and evaluated. However, a dif-
ferent and simpler control strategy is developed in this study
than the one employed by the PSAT model, which offers ease of
application and flexibility for actual implementation. The sim-
ulation results obtained with the two SMCs developed in this
study have also yielded an improved performance in terms of
engine, and overall efficiency, fuel economy, lower emissions
and higher final SOC, when compared to the original PSAT re-
sults. In this study, the main aim is increasing overall efficiency
by the appropriate control of the APU; hence, the control of trac-
tion motor is outside the scope and is performed using the algo-
rithm offered by the original PSAT program.

The paper is organized as follows; after the introduction in
Section I, the vehicle system is presented briefly in Section II.
Next, the mathematical model of the HEV and the development
of the control strategy are given in Sections III and IV, respec-
tively. Finally, the simulation results are presented in Section V,
with conclusions given in Section VI.

II. VEHICLE SYSTEM

The U.S. military has evaluated several prototype hy-
brid-electric versions of its HMMWV with the goals of
improving fuel efficiency and range, allowing the vehicle to
act as a field deployable APU, improving stealth capability,
and maintaining the overall operational and transportability
characteristics of the standard HMMWV (see Fig. 1). A recent
prototype, the XM1124, manufactured by AM General and PEI,
is a series powered hybrid with a traction motor directly coupled
to each axle’s differential. The standard internal combustion
engine and drivetrain in the XM1124 have been replaced with
an engine-generator set (APU) that provides power to the
vehicle electrical bus. The bus connects all major components
including the battery pack, APU, and traction motors. In this
manner, the traction motors may draw power from the batteries
or the APU, as determined by the control strategy.

The APU is comprised of a diesel engine coupled with an ac
permanent-magnet synchronous (PMS) generator. The engine is
a 2.2-l, four-cylinder, turbocharged diesel engine manufactured
by Peugeot, generating 100 kW at 4000 rpm. The generator is
a UQM Technologies (Model SR286) brushless motor/gener-
ator with a rated output of 100 kW and approximately 90% ef-
ficiency. The XM1124 has no transmission nor transfer case.
Control of vehicle speed and braking as well as charge and dis-
charge of the battery pack is accomplished via on-board control
units.

The vehicle’s battery pack consists of 24 Optima spiralcell
deep-cycle batteries connected in series. These are commer-
cially available lead-acid batteries with a nominal voltage
of 12 Vdc. This results in a nominal battery pack voltage
of 288 Vdc. As with all series configured HEVs, power is
delivered to the loads from the battery pack which is, in turn,
charged by the generator. The charge/discharge strategy for the
battery pack is controlled by the XM1124s on-board controller.

The primary load consists of the two traction motors, which
are also UQM SR286 brushless motor/generators. One motor is
directly coupled to the rear differential while the other is cou-
pled to the front differential via a short drive shaft to allow for
off-center mounting. The rotational speed of these motors, and
thus the speed of the vehicle, is controlled through a pulse-width
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Fig. 1. Schematic diagram of HE-HMMWV.

modulation (PWM) strategy based on the position of the accel-
erator pedal and feedback from the speedometer circuitry.

In addition to the standard HMMWV parasitic electrical
loads (e.g., lights, heater fan), the hybrid electric-HMMWV
(HE-HMMWV) includes several other major electrical loads
that would be driven by the engine on a standard vehicle. The
standard radiator is replaced by a five-circuit cooling system.
These circuits serve the engine, generator, front and rear traction
motors, and the on-board controllers, respectively. The coolant
circulation pump is driven by an electric motor since the diesel
engine is not in continuous operation. Another electric motor
powers a hydraulic pump. Hydraulics are used for the power
steering and braking and also power the fans that force cooling
air across the radiator. Finally, two small electric fans cycle to
provide cooling for the battery pack. These parasitic electrical
loads amount to 1.4–2.3 kW even when the vehicle is at rest.

III. MATHEMATICAL MODEL OF HEV

Fig. 2 demonstrates the drivetrain of the SHEV system taken
into consideration in this study.

As can be seen in the diagram, the system consists of a diesel
engine, a permanent magnet synchronous generator (PMSG)
with its driver (ac/dc), two traction motors with their drivers
(dc/ac), a bidirectional dc–dc converter and a group of batteries.
The engine, PMSG and its driver are known as the APU. The
APU and battery provide a dc bus which supplies two traction
motor drivers (dc/ac). In this system, the generator is capable of
working as an alternator or a starter (to deliver engine starting
torque). The motors and generator are driven by insulated gate
bipolar transistor (IGBT) converters.

To develop the control algorithms for the APU system, first
the modeling of the engine and the generator will be performed.

Fig. 2. Schematic diagram of series HEV drivetrain.

A. Modeling of the Engine

The modeling of the engine is performed with the applica-
tion of the Least-Squares method and a fourth-order curve fit-
ting to the torque-speed curves provided by the manufacturer
for maximum load. The approximation taken is found satisfac-
tory considering the robustness of the proposed SMC scheme
to parameter and model uncertainties as well as external distur-
bances. Using Matlab’s polyfit.m function, the engine torque,

is obtained as a function of engine speed, as

(1)
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Fig. 3. Engine torque speed characteristic.

Fig. 4. Engine efficiency map.

where are the polynomial coefficients . It is
also possible to derive as a function of such as

(2)

where are the polynomial coefficients .
The engine torque and speed solid line curve obtained from

(1) is given in Fig. 3. The points indicated with “ ” are obtained
from the hot engine map provided by the manufacturer.

Using the engine efficiency map, the high efficiency region in
Fig. 4, is defined approximately by 140 Nm 210 Nm
and 165 rad/s 255 rad/s.

Fig. 5. Functional block diagram of APU control system.

B. Modeling of the Permanent Magnet Synchronous Generator
(PMSG)

The – axis model of the permanent magnet synchronous
motor (PMSG) is obtained as

(3)

where

, generator axis currents, respectively;

, generator axis output voltages, respectively;

generator resistance;

, generator axis inductances, respectively;

generator torque constant;

generator induced voltage constant;

generator torque;

reluctance torque coefficient;

engine speed.

IV. DEVELOPMENT OF THE CONTROL STRATEGY

The control strategy for the APU is based on the following
objectives.

— The SOC level will be kept between a given minimum and
maximum level.

— The engine will be operated in the optimum efficiency re-
gion.

The SOC level of the battery affects the control strategy in
the following way.

— When the SOC level evaluated via a hysterisis function
decreases to a given minimum level , the en-
gine will be started 1 and stopped when the SOC
reaches the given maximum level 0
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Fig. 6. Detailed block diagram of the APU controller.

— Upon the generation of the start signal, the sliding mode
based speed controller (SMC1) and sliding mode based
torque controller (SMC2) are run to operate the engine in
the optimum efficiency region.

The functional block diagram of the APU control system is
given in Fig. 5. The APU controller produces two control sig-
nals; -one for the speed control of the engine and the other for
the ac/dc converter to control the generator torque using infor-
mation coming from the battery SOC, generator currents, engine
angular velocity and position.

A detailed block diagram for the proposed APU control
strategy is also given in Fig. 6. As can be seen in the figure,
the APU controller includes two SMCs, one PID, two func-
tion blocks—one calculating the engine speed reference and
the other for the generator torque reference values, saturation
blocks which limit the engine speed and torque reference values
to keep the engine operating in the optimal efficiency region,
and finally, a relay that produces ON/OFF signals for the APU
system.

The APU control system consists of three parts.

A. Linear PID Controller for the Evaluation of SOC

The aim of this controller block is to output the appropriate
reference torque value for the engine, taking the error between
the reference and actual SOC levels as input. The saturation
block placed at the output is to assure that the torque reference
stays between the minimum and maximum levels of the op-
timum efficiency region. Thus, the reference torque is derived
from the basic model in (1) for the engine control in the range
of 140 Nm 210 Nm, which defines the optimum effi-
ciency region for torque in this case. Using the optimal region
for the torque values of the engine and (2), the speed reference
for the optimal efficiency region can be given as

(4)

The calculated speed value is passed through a saturation
block to assure a reference speed value within the optimum ef-
ficiency region, given as 165 rad/s 255 rad/s.

After the determination of the speed and torque references of
the engine control, we will proceed to the design and implemen-
tation of the sliding mode based torque and speed control for the

engine. Both controllers are based on the same chattering—free
SMC approach and will be derived in the next section for each
component.

B. Sliding Mode Based Engine Speed Control

Improvement of the overall efficiency of the SHEV requires
efficient control strategies for the diesel engine. However, the
engine dynamics are highly nonlinear and cannot be accurately
represented with a simple model. Hence, a SMC, which can
achieve robustness against structured and unstructured uncer-
tainties of the system is found to be adequate for the aims of the
study.

For the control algorithm under consideration, a simple state-
space representation must be obtained, also using the engine
model derived in (1)

(5)

where

state of charge;

battery current ;

traction motor currents;

parasitic electric load current;

generator quadrature current;

generator torque;

total inertia ;
engine inertia;

generator inertia;

generator speed ratio 1.038

battery capacity [Ah].

In (1), the torque function is derived for maximum load; in
other words, for maximum throttle level (i.e., 1). However, the
throttle level assumes values between 0 and 1 for the control of
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the engine. Therefore, the engine torque should be rewritten as
a function of the throttle level as follows:

(6)

where is the torque control input (throttle angle 0%–100%).
For 1, the maximum load torque-speed characteristics are

obtained. With the determination of the engine speed reference
as above, we now proceed with the development of the SMC,
which will produce the optimal throttle angle, , as output.

First, the polynomial approximation in (1) for , is substi-
tuted into the following equation of motion for the engine:

(7)

Next, a sliding surface, is chosen as

(8)

where

speed error (9)

To ensure the stability of the system, the SMC control law is
derived using Lyapunov conditions, similar to the study in [24].
For this purpose, a Lyapunov function, , is selected as such

(10)

(11)

which should be equal to to satisfy the negative definite-
ness of . Thus

(12)

where 0.
Consequently

(13)

Taking the derivative of and substituting the equation of mo-
tion inside

(14)

Now, an equivalent control input, , that makes 0 will be
calculated by replacing with . This yields

(15)

(16)

Substituting in (12) into (16) and discretizing this equation
together with (16), yields

(17)

and

(18)

With the assumption that equivalent control is an average value

(19)

This yields a chattering-free sliding mode (SM) of the following
form:

(20)
where , are positive design parameters.

C. Sliding Mode Based Generator/Engine Torque Control

At this stage, the reference torque value for the generator
is calculated as below, utilizing the optimum reference torque
value of the engine derived using the PID controller, optimal
reference value of the engine speed and the total inertia of the
APU

(21)

A chattering-free sliding mode torque controller is designed
based on the permanent magnet ac generator model in (2), which
is organized in state-space form as

(22)

Because the number of rotor teeth is high enough, it can be as-
sumed that and the generator torque is

(23)
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In state space form

(24)

By forcing the generator current -axis component, , to be
zero, the torque control can be achieved via the -axis compo-
nent of the generator current, .

The sliding surface should thus be chosen as:

(25)

The is taken as zero to make 0. The -axis current
component reference value is then calculated using the reference
torque value of the generator

(26)

Once again, the candidate Lyapunov function is chosen as

(27)

The strictly positive matrix, is

(28)

such that

(29)

(30)
The equivalent control can be derived using the same idea as

in (11)

(31)

Using the similar approach taken as in (12)–(17), the control
law can be derived as

(32)
where

Fig. 7 represents the control mechanism of generator torque.

V. SIMULATION RESULTS

The developed control methods in this study are tested on
a computer simulation model of the XM1124 prototype cre-
ated using the Matlab/Simulink based PNGV Systems Analysis
Toolkit (PSAT Version 4.1) [22]. PSAT is a forward-looking ve-
hicle modeler. The vehicle model is created using component

Fig. 7. Detailed block diagram of generator torque control.

modules for various vehicle systems. PSAT ties these modules
together into a complete vehicle model which it drives in accor-
dance with various drive cycle scenarios specified by the user.
Since this PSAT model was created while the prototype was
being manufactured, the individual component modules were
based on parameters provided by vendors of the vehicle com-
ponents or were standard components which are provided in the
basic PSAT libraries.

In the initial stage of our studies, performance predictions
based on PSAT models for engine/fuel utilization, battery en-
ergy utilization, and traction power required were compared to
performance data measured during field testing of the prototype
HMMWV [23]. Comparison of the actual performance with the
simulation results indicated that the simulation model needed
only minor modifications to reflect actual vehicle parameters
versus those specified by the vendors and the correlation be-
tween the model’s predictions and the test data showed that the
model could be used as a baseline upon which alternate com-
ponents, configurations, and control strategies can be built and
evaluated.

The performance of the SMC based control strategy was
tested using a drive cycle simulation. The Federal Urban Drive
Cycle (FUDS) with a total duration of 1,371 s and traveled
distance of 12 km is used for this purpose. The FUDS emulates
the type of driving expected in an urban environment with many
accelerations and decelerations at moderate speeds. While this
may not be the typical drive cycle for a military HMMWV,
it does offer a well recognized standard for comparison. At
this time, there is no standard drive cycle which represents
the mission driving requirements for a military HMMWV.
Therefore, the FUDS cycle will be taken into consideration,
as it offers the advantage of dictating the type of stop-and-go
driving, with its associated power demand cycling required to
tax the capabilities of a HEV.

In this study, for a realistic performance evaluation of the de-
veloped SMC based control strategies, three sets of simulations
are performed—one using the original strategies offered by the
standard PSAT model; another utilizing the SMC based engine
control only, while employing the generator control strategy of-
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Fig. 8. (a) Engine torque and (b) engine speed (original PSAT).

fered by the standard PSAT model and finally, the new SMC
based strategy, controlling the engine speed and engine/gener-
ator torque. The traction motor control strategy is kept the same
for all three approaches and therefore, its performance will be
demonstrated for the PSAT model only.

The original PSAT strategies are based on logical decision
blocks that use PI based controllers with an additional feedfor-
ward term (scaled torque demand value due to the engine map)
as well as engine, generator, and power converter maps. The
simulation results obtained with this prototype control strategy
are given in Fig. 8(a) and (b) depicting the engine torque and
speed, while Fig. 9(a) and (b) give the traction motor torque
and speed with the same approach. The traction motor outputs
track the FUDS cycle quite closely; however, inspecting the re-
sults further, it can easily be observed that the engine is always
on and goes into idle mode during battery only operation. This
presents a major disadvantage of this strategy, since in the idle
mode, the efficiency of the engine is very poor.

One of the major aims of the proposed control strategy is to
remedy this issue by not allowing the engine to operate out-
side of its optimal efficiency region, except for short transients.
This is achieved by controlling the engine speed and torque
using SMC, which also ensures robustness against parameter
and model uncertainties of the engine and generator. To further
emphasize the improvement made with the developed SMCs for
both engine speed and torque control, simulation results are also
obtained for the case which uses the new SMC for the engine
speed control only, while utilizing the generator control offered
by PSAT based on maps and PI controllers.

Fig. 9. Traction motor: (a) torque and (b) speed variations.

The reference and actual torque and speed variations for this
case are given in Fig. 10(a) and (b), while Fig. 11(a) and (b) de-
pict torque and speed variations for the new control strategy,
which uses a SMC based algorithm for the engine/generator
torque as well. For ease of description in the figures, the en-
gine speed control scheme based on one SMC only is denoted
as 1-SMC, while the new scheme based on two SMCs is labeled
2-SMC. Inspecting all four outputs, it can easily be observed
that a much better reference tracking performance is obtained
with the strategy based on 2-SMC. Also, the engine off durations
are observed to occur during battery utilization only, as well as
the effect of the generator torque rate limiter in the torque out-
puts in both cases, which has been added to the system to pro-
vide a mild transient for the engine.

Next, the SOC variations for all three strategies are given in
Fig. 12. As can be seen in the figure, the sliding mode based
control strategies, 1-SMC and 2-SMC, allow larger variations in
the SOC. This is a result of the fact that the SMC based strategies
operate the engine only in the high efficiency region and when
the engine is off, all power is drawn from the batteries. However,
in spite of these larger fluctuations, the SMC based strategies
result in higher final SOC values in comparison to the original
PSAT results. An even higher final level is achieved with the
2-SMC based strategy due to a more efficient use of the engine
with the designed generator torque control.

Fig. 13(a)–(c) depict the efficiency diagrams of the engine for
the strategies offered by the original PSAT, 1-SMC, and 2-SMC,
respectively. Both SMC algorithms based on operating the en-
gine only in its high efficiency region yield improved engine
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Fig. 10. Reference and actual variations: (a) torque and (b) speed with 1-SMC.

efficiency, as opposed to the strategy used in the PSAT, which
keeps the engine on at all times. Efficiency is even more im-
proved with the addition of the generator torque control, as can
be seen in Fig. 13(c). The efficiency map in Fig. 13 includes all
engine speed and torque values obtained during the whole op-
eration cycle. Thus, operation points appearing outside of the
high efficiency region relate to engine transients, which in fact,
occur less frequently.

Finally, the simulation results for all three approaches are tab-
ulated in Table I. The mileage, efficiency, and emissions values
for all strategies are derived based on calculations utilized in
PSAT [22], i.e., the overall efficiency is the ratio of the total
propulsive energy to the energy supplied by the fuel corrected
for SOC changes from drive cycle start to stop; the engine effi-
ciency on the other hand, is calculated separately during accel-
eration and deceleration modes as the ratio of the shaft energy
output to the fuel energy input. Inspection of the result for each
performance criterion indicates the improvement made with the
new strategy in terms of overall system efficiency, engine effi-
ciency, fuel economy, final SOC level, and emissions. The ex-
pressions used for the calculation of the performance criteria in
Table I, are listed in the Appendix.

Fig. 11. Reference and actual variations: (a) torque and (b) speed with 2-SMC.

Fig. 12. SOC levels for the three strategies.

VI. CONCLUSION

In this study, the optimized operation of the internal com-
bustion engine is aimed to improve the overall efficiency of a
SHEV. As a novel approach in the control of SHEVs, two chat-
tering-free SMCs are developed to keep the engine operation
in the optimal efficiency region, whenever the engine operation
is required due to a drop in the SOC level. One of the SMCs
is dedicated for engine speed control, while the other performs
engine/generator torque control via the power converter. Due
to the robustness properties offered by the SMCs, only a simple
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Fig. 13. Engine efficiency diagrams: (a) with original PSAT, (b) with 1-SMC,
and (c) with 2-SMC.

model is required for each APU component; namely, the engine,
generator and power converter.

To highlight the benefits of the new control strategy based on
two SMCs (2-SMC), the performance of the control system is
compared with that obtained with the original PSAT strategy,
which utilizes comprehensive cold and hot engine maps (static

TABLE I
PERFORMANCE TABLE FOR THE TWO STRATEGIES

only), PI controllers and a feedforward term for the engine
torque. To emphasize further the benefits of the designed en-
gine/generator torque control, the performance of the 2-SMC
is also compared with a strategy aiming to keep the engine in
its high efficiency region by a SMC based engine control only
(1-SMC), while generator torque control is performed using
the original PSAT strategies.

The SMC based strategies both demonstrate the expected ro-
bustness with their tracking performance of the speed and torque
references in the optimal efficiency region, despite load varia-
tions, which can be observed from traction motor curves. The
addition of the generator torque control in the 2- SMC strategy
yields an even more improved performance in terms of overall
efficiency, engine efficiency, fuel economy and emissions in
spite of the simple approach taken to model the APU and the op-
timal efficiency region of the engine. The proposed SMC based
scheme also offers additional benefits such as modularity and
ease of application to other SHEV systems with model and pa-
rameter uncertainties.

APPENDIX

Overall Efficiency:

where is the vehicle speed, is the heating value of fuel,
is the mass flow rate of fuel, and is the

vehicle affected force.
Here, is the transfer case torque,

is brake torque, , are the motor torques;
are the transfer case efficiency and gear ratio, respectively;
is the wheel radius; , and

are the battery input and
output energy in acceleration.

Here, , are the acceleration

and deceleration times, respectively; and , ,
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are the battery current, open circuit voltage and voltage
in acceleration.

Engine Efficiency: Here, ,
are the engine efficiency at acceleration and

deceleration; where ,
are the

engine input and output energy in acceleration; and
,

are the engine input and
output energy in deceleration; where and are the engine
torque and angular speed.

MPG (Fuel Economy):

Ending SOC:

SOC

where is the maximum battery capacity by function
of the battery temperature (A-h)

SOC final SOC value 1372 x

Emission:
a) CO emission:

Table

where is the catalyst efficiency;
is the CO rate; and

is the catalyst temperature.
Here, is the exhaust rate;

is the hot catalyst temperature; and are
the exhaust hot and cold time constants, respectively.

b) CO2 emission:

where is the fuel-carbon ratio; and
is the HC emis-

sion value; where
is the HC rate.
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