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Fuzzy Gain-Scheduling Proportional Integral
Control for Improving Engine Power and Speed
Behavior in a Hybrid Electric Vehicle

Fazal U. Syed, Ming L. Kuang, Matt Smith, Shunsuke Okubo, and Hao Ying, Senior Member, IEEE

Abstract With the increased emphasis on improving fuel econ-
omy and reducing emissions, hybrid electric vehicles (HEVs) have
emerged as very strong candidates to achieve these goals. The
power-split hybrid system, which is a complex hybrid powertrain,
exhibits great potential to improve fuel economy by determin-
ing the most ef cient regions for engine operation and thereby
high-voltage (HV) battery operation to achieve overall vehicle
ef ciency optimization. To control and maintain the actual HV
battery power, a sophisticated control system is essential, which
controls engine power and thereby engine speed to achieve the
desired HV battery maintenance power. Conventional approaches
use proportional integral (Pl) control systems to control the actual
HV battery power in power-split HEV, which can sometimes
result in either overshoots of engine speed and power or degraded
response and settling times due to the nonlinearity of the pow-
er-split hybrid system. We have developed a novel approach to
intelligently controlling engine power and speed behavior in a
power-split HEV using the fuzzy control paradigm for better per-
formances. To the best of our knowledge, this is the rst reported
use of the fuzzy control method to control engine power and speed
of a power-split HEV in the applied automotive eld. Our ap-
proach uses fuzzy gain scheduling to determine appropriate gains
for the PI controller based on the system s operating conditions.
The improvements include elimination of the overshoots as well as
approximate 50% faster response and settling times in comparison
with the conventional linear Pl control approach. The improved
performances are demonstrated through simulations and eld
experiments using a Ford Escape Hybrid vehicle.

Index Terms Engine speed control, fuzzy gain scheduler,
fuzzy logic control, hybrid electric vehicle (HEV), power split,
proportional integral (PI) control system.

l. INTRODUCTION

HE BIGGEST challenge of our time is to achieve indus-
trial development while preserving the environment [1],
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[2]. To set an example of environmental preservation com-
mitment stewardship for the communities and to improve air
quality and fuel economy, major automotive companies have
elected to develop hybrid electric vehicles (HEVS) as the prime
candidate for achieving these goals as they do not necessarily
require external battery charging or new infrastructure.

HEVs can be categorized into three types, which are the
series hybrid system [3], [4], the parallel hybrid system [3],
[4], and a more recent type of complex HEV [5] called power-
split hybrid system [5] [8]. The power-split hybrid system has
an internal combustion engine and generator connected to a
planetary gear set, a traction motor, and a high-voltage (HV)
battery [23]. This power-split hybrid architecture requires a
highly coordinated vehicle control system [23]. In series or
parallel hybrid vehicles with conventional transmissions, newly
developed control algorithms [14] [17] are needed to perform
the blending of torque, speed, and power from multiple power
sources. Since a power-split hybrid con guration is similar
in behavior to a continuous variable transmission (CVT), the
blending of torque, speed, and power of multiple energy sources
becomes more critical [53], [54]. Fig. 1 describes the power-
split HEV con guration and its control system.

Nonhybrid vehicles require complicated algorithms to con-
trol the engine speed only during vehicle idle conditions. Var-
ious researches have been done on controlling engine speed
for these vehicles using conventional approaches [24], [25].
There also exist literatures on the use of nonlinear approaches to
control the engine idle speed of nonhybrid vehicles [26] [28].
In a power-split HEV, the engine speed is independently con-
trolled from the vehicle speed to provide desired driver and HV
battery power, which requires a sophisticated nonlinear vehicle
system control algorithm [23]. Due to the nonlinear behavior
of the engine along with the engine response delay (which
is a function of various environmental conditions) and engine
rotational inertial effect, the desired engine power is differently
achieved under different driving conditions. Conventional ap-
proaches use linear control algorithms to control the engine
power, which can result in undesired engine speed behavior.
This issue arises from the fact that a complete high- delity
mathematical model for the power-split HEV system along with
the environmental effects cannot accurately be modeled inside
the controller. Therefore, a controller adaptable to nonlinear
behaviors and not requiring detailed knowledge of the math-
ematical model of the plant is required to address such issues
[29] [33].
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Fig. 1. Power-split-type HEV con guration.

Classical controllers have been used to control the engine
speed in a power-split HEV with their limitations in achiev-
ing the desired engine response. Fuzzy control [49] [52] can
provide a way to cope with the limitations of the conven-
tional controllers. We have developed an innovative fuzzy
gain-scheduling control system approach to control the desired
engine power and speed in a power-split HEV. The objective
of this paper is to develop a nonlinear proportional integral
(PI) controller using the fuzzy control paradigm for a power-
split HEV to achieve an improved engine speed behavior. This
novel controller, which is the rst in the automotive eld for
controlling engine power and speed behavior in power-split
HEYV, uses fuzzy gain scheduling to determine appropriate gains
for the PI controller based on the system s operating conditions.
The controller s performance is validated through experimental
tests using a Ford Escape Hybrid vehicle. The fuzzy logic-
based controller s behaviors in simulation and experimental
test environment for the driving conditions are compared with
the performances of a conventional Pl control system. The
results clearly demonstrate that the fuzzy controller is capable
of signi cantly improving the engine speed and power behavior
in a power-split HEV.

Il. POWER-SPLIT HEV POWERTRAIN AND ITS OPERATION

A typical power-split HEV powertrain is shown in Fig. 1,
which consists of two power sources, i.e., the combination of
engine, generator, and planetary gear set, and the combination
of motor and battery [6] [8], [23]. Fig. 2 shows the power

ow diagram of the power-split HEV system. This vehicle
is capable of being driven in either an electric vehicle like a
drive mode (EV mode) or hybrid electric modes (HEV mode)
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Fig. 2. Power-split HEV system power ow diagram.

such as positive split, negative split, or parallel mode [6] [8],
[11] [13], [23]. The power-split powertrain system provides
a great potential to achieve better engine operating ef ciency,
overall vehicle ef ciency, and lower emissions through its CVT-
like functionality, where the engine speed is independently
controlled from the vehicle speed [12], [23] [53]. In summary,
the powertrain system consists of four subsystems/components:
engine subsystem, transaxle subsystem, brake subsystem, and
battery subsystem [7], [23]. Each subsystem requires its own
controller to perform their speci ¢ functions. For example,
the transaxle subsystem controller module (TCM) is integrated
with the transaxle subsystem. This subsystem contains a plan-
etary gear set and two electric machines (i.e., motor and gen-
erator). To ensure that all these controllers work together to
meet the driver s demand and provide desired energy manage-
ment and functionality, a supervisory vehicle system controller
(VSC) is used. The VSC communicates with these different
subsystem controllers and manages and coordinates the drive-
train functions to satisfy the driver s request and balance the
energy ow to and from the multiple power units (engine,
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Fig. 3. Hybrid system and subsystem control architecture.

Fig. 4. Generator control system.

transaxle, and HV battery). This is achieved by VSC through
various unique hybrid functionalities such as electric drive,
regenerative braking, engine start stop, hybrid drive, and HV
battery power maintenance. For a given driver demand (through
accelerator and brake pedal requests) and vehicle operation
conditions, the VSC maintains the vehicle at its most ef cient
operating point by managing the power among the various
components of the vehicle and coordinating the operating state
of the engine, generator, motor, and HV battery. In addition, the
VSC ensures the required vehicle s performance and drivability.
Clearly, a very complicated and sophisticated VSC [7] [17] is
required to achieve better fuel economy, emissions, and energy
management without compromising the vehicle s performance.

I1l. ENGINE POWER AND SPEED CONTROL

IN A POWER-SPLIT HEV

Three factors affect the engine power and ultimately the
engine speed in a power-split HEV. The three factors are the
following: 1) generator control of the desired engine speed;
2) system optimum power or energy management strategy to
choose the optimum engine speed; and 3) engine power control
based on the desired HV battery power resulting in the desired
engine speed.

A. Generator Control of Desired Engine Speed

Fig. 3 shows the hybrid system and subsystem architecture
from the perspective of engine speed control. Based on the de-
sired engine speed from the hybrid system controller (which is
part of VSC), the generator control system in the TCM controls
the generator torque to achieve the desired engine speed. Fig. 4

Engine Torque Command

Engine Control

e Torque

Engine Control Module

shows the generator control system. It can be seen from Fig. 4
that using the planetary gear equations [23], a target generator
speed can be calculated based on the desired engine speed
and vehicle speed or motor speed. A vary fast Pl controller or
compensator is then used with the generator speed as a feedback
to determine the generator torque command to achieve the
target generator speed. Because of the aggressive proportional
and integral gains implemented in the compensator, the error
between the desired engine speed and the actual engine speed is
less or equal to 6 r/min. With such accurate control of the actual
engine speed to the desired engine speed in the TCM module,
the undesirable or objectionable (oscillatory) effects on engine
speed from the TCM are minimal and can be ignored.

B. System Optimum Power Management Strategy to
Choose Optimum Engine Speed

As mentioned in Section II, for a given driver demand
(through accelerator and brake pedal requests) and vehicle
operating conditions, the hybrid system controller (which is
part of the VSC) commands the desired engine speed, engine
torque, and wheel torque (which is used for determination of
motor torque command) such that the overall system ef ciency
is maximized. The total system ef ciency of a power-split HEV
powertrain operating in a charge neutral (zero battery power)
mode can be described by the following equations:

sys = efl (1 g_m2e m_e2m) Keog ¢/ e} 1)
e=Ti( e, o) (2
g_m2e — f2( e o) ©))
m_e2m =f3( e &) 4
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where g5 is the total system ef ciency of the power-split
HEV powertrain, . is the engine ef ciency, g moe is the
generator s mechanical-to-electrical ef ciency, m e2m IS the
motor s electrical-to-mechanical ef ciency, Keog is the engine-
to-generator gear ratio, . is the engine speed, and . is the
engine torque. Since the power-split HEV powertrain allows
for a CVT operation of the engine, it gives the hybrid system
controller the exibility to choose a desired engine speed
command, hence an engine torque command for a given driver
demand (or driver power request) and vehicle speed. Hence,
the system optimal ef ciency criteria will result in a xed
engine speed and torque for a given driver demand and vehicle
speed, and as the vehicle speed increases, the engine speed will
increase as a result of an increase in the driver power for the
same driver demand. Hence, the system optimal algorithms will
have a minimal impact toward the undesirable or objectionable
(overshoots) behavior of the engine speed.

C. Engine Power Control Based on Desired HV
Battery Power

It is the responsibility of the VSC to maintain the HV
battery at an optimum state of charge (SOC) by controlling the
actual HV battery power (in or out of the HV battery). The
actual HV battery power in this system is the sum of the wheel
power and system loss minus the engine power, assuming a
negative sign convention for the charge HV battery power. The
optimum HV battery maintenance is achieved by constantly
monitoring the HV battery SOC and calculating a desired HV
battery power to achieve a target SOC. Once the VSC has
determined a desired HV battery power, it adds the desired
HV battery power to the driver power request (driver power
request is based on the driver inputs such as, accelerator and
brake pedal) and the estimated system loss to calculate a
feedforward engine power command. Because of the possible
discrepancy between commanded and actual engine power and
the inaccuracy of system loss estimation, the desired HV battery
power may not be realized. As a result, the optimum SOC of
the HV battery may not be achieved. Therefore, a closed-loop
feedback, using a classical Pl controller, on the instantaneous
HV battery power is used to determine the HV battery feed-
back power (Ppatt o) for adjusting the feedforward engine
power command such that the desired HV battery power is
achieved. The desired engine power is nally split into the
desired engine torque and the desired engine speed to maximize
the system ef ciency. The desired engine torque and speed
are then sent to the respective subsystem controllers. Use of
a conventional Pl controller for adjusting the engine power
command could result in undesired engine speed response
behavior under certain driving conditions because of the charac-
teristics of the classical PI controller. Such an undesired engine
speed response is perceived by the driver as an unintuitive
response as it is caused not by the driver s request but the
classical PI controller. Since a classical Pl-based control system
is mostly effective for linear or nearly linear control issues,
nonlinear PI controllers, however, are needed to satisfactorily
control nonlinear plants, time-varying plants, or plants with
signi cantly large time delays [34], [47]. Since our vehicle and

engine plant have all of these behaviors, it is desirable to use
a nonlinear Pl-based controller. The nonlinear PI controllers
with anti-windup schemes can resolve the integrator windup
problems [47]. Since fuzzy control systems do not require a
mathematical model of the system to be controlled and allow
for the development of a knowledge-based nonlinear controller,
a better candidate for improving the engine behavior is to use a
fuzzy logic-based nonlinear control system. Fuzzy logic-based
PI controllers can be used for the nonlinear control of such
plants [35] [42].

IV. Fuzzy ENGINE POWER CONTROL SYSTEM
FOR THE POWER-SPLIT HEV

A. Fuzzy Controller Design

As mentioned in Section 11, the engine power control sys-
tem is responsible for determining the desired engine speed
( eng_des) and engine torque ( eng des) fOr engine operation
under all the conditions for achieving maximum total vehicle
ef ciency. This is achieved by evaluating the driver power re-
quest (Pdrv_req) and the desired HV battery power (Ppatt_des)
required for HV battery maintenance. The driver power request
is calculated based on the accelerator pedal input, brake pedal
input, and vehicle speed. The desired HV battery power for
HV battery maintenance is calculated based on the SOC of the
HV battery and other various environmental conditions. During
the hybrid mode of operation of the vehicle, when the engine
is running, the desired engine power (Peng des) is calculated
based on a desired feedforward engine power_(Peng ) and HV
battery feedback power (Ppatt fv). The desired feedforward
engine power is calculated based on the driver power request
and the desired HV battery power. Conventionally, the HV bat-
tery feedback power is calculated using a classical PI controller
based on the actual HV battery power (Ppat act). However, our
approach uses a fuzzy gain-scheduling P1 controller to calculate
the HV battery feedback power. The desired engine power is

nally calculated as the sum of desired feedforward engine
power and HV battery feedback power. The desired engine
speed is determined based on the desired engine power and
overall vehicle system optimum criteria. As the desired engine
power is the product of speed and torque, the engine torque
is calculated from the desired engine power and engine speed.
Since the vehicle system optimum criteria mostly require the
engine to be operated close to the maximum engine torque, the
changes in desired engine torque are minimal and can be treated
as constant. This intelligent engine power control system is
shown in Fig. 5.

The fuzzy gain-scheduling Pl controller block in Fig. 5
is responsible for achieving improved engine behavior. The
objective of this controller is to minimize the unintuitive en-
gine behavior that can result from the use of the classical
Pl controller in a power-split HEV. This is accomplished by
utilizing the human control knowledge and experience to intu-
itively construct an intelligent controller so that the resulting
controller will emulate the desired control behavior to a certain
extent [34], [35], [47]. A multiple-input single-output (MISO)
Mamdani fuzzy gain-scheduling-based PI controller [41], [42],
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[47] was utilized. The formulation of the proposed fuzzy gain-
scheduling PI controller in Fig. 5 can be described as

PM) = r(MKse(n) n ©)
M= fOKeDTs =K «e@Ts  (6)
W) =P () + 1(n). - @)

It is clear that this controller consists of a MISO fuzzy
logic gain scheduler and a conventional PI controller with a
proportional gain of K, and integral gain of £K; that are
dynamically modi ed by the fuzzy gain-scheduler output ¢,
and the nal output u(n) is the sum of the proportional term
P (n) and the integral term 1 (n). Note that e is the error between
the desired HV battery power and the actual HV battery power,
and T is the sampling time. At this point, it is important to
emphasize that if a classical PI controller was only used, then
the fuzzy gain-scheduling PI controller block in Fig. 5 will be
replaced by the classical P1 controller block from Fig. 6, and the
equations governing the behavior of the classical PI controller
will be written as

P(n) = ergn) (8)
I(n)=Ki e®)Ts )
u(n) =P (r;;a- 1(n). (10)

To design an effective fuzzy logic gain scheduler, input vari-
ables, output variables, and input and output fuzzy sets need to

})hatti(les
+
f)han‘iaa't
Fig. 6. Classical engine power PI controller.

be de ned [47]. To control the engine behavior during steady-
state events, the magnitude of the error between the desired HV
battery power and the actual HV battery power was selected as
one of the inputs to the fuzzy logic gain scheduler. Similarly,
to control the engine behavior during transient events, the
magnitude of the rate of change of this error was used as another
input. Finally, the absolute difference between commanded
engine speed (actual engine speed) and target engine speed was
used as the nal input because it can be used as the predictor of
undesired behavior and hence improve control engine behavior.
The input variables for the controller can be written as

x1(n) = le(n)| = |Pbatt_des(n) Pbatt_act(n)l (11)
d 1

X =lrmi= ey MO0y

xz(n) = | = eng_targ(n) eng_act(n)l (13)
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where Ppatt des IS the desired HV battery power, Ppatt act 1S
the actual HV battery power, Ts is the sampling time, eng targ
is the target engine speed, and eng_act is the commanded or
actual engine speed.

The input fuzzy sets or membership functions for x;(n),
X2(n), and x3(n) are shown in Fig. 7. The output fuzzy sets
are the singleton types as shown in Fig. 8.

The fuzzy rules for this gain scheduler are described in
Table Il. The fuzzy rules are laid out in @ manner such that they
can distinguish between various HEV powertrain behaviors and
make decisions on the current and future states of the power-
train. This way, these fuzzy rules can cover conditions where
the PI controller will not windup and conditions where the
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PI controller will windup. In addition, the fuzzy rules provide
the ability for the controller to anticipate conditions where the
PI controller may windup, thereby providing a mechanism to
avoid possible undesirable behaviors. The description of these
fuzzy rules is shown in Table I. Among these fuzzy rules, some
of the rules are intended to cover steady-state and transient
conditions, and the others are used for special conditions, such
as scenarios where the PI controller may possibly windup. For
example, Rules 1 and 2, where x;(n) and x»(n) are low and
x3(n) is either low or medium, depict a steady state or close
to a steady-state condition, where the Pl controller will not
windup and hence allows for scheduling a higher value (hy)
for the multiplier £(n). Rules 7 9, where x;(n) is high, x2(n)
is high, and x3(n) is either low, medium, or high, indicate
that the system is in a fast transient event, and therefore, the
PI controller will windup. Hence, a low value (h.) of £(n)
is scheduled. Similarly, Rule 6, where x1(n) is low, X2(n) is
medium, but x3(n) is high, anticipates that conditions exist
due to the huge difference of desired and actual engine speed,
and a medium rate of change of error magnitude, that the PI
controller may windup and hence corrects for this issue by
lowering the value of ¢£(n) to medium (hp). In summary,
these rules provide a method to schedule gain multipliers for
the PI controller according to the powertrain conditions.

If represents the total number of fuzzy rules (= 27 in our
case), and j(Xi, Ajj) represents the combined membership
value from the antecedent of the jth rule, the output £(n) of
the fuzzy scheduler can be written as follows [47] when the
centroid defuzzi er is employed:

(X1, ALj) j(x2, Azj) (X3, Az j)hj
j=1
£(n) =

(X, Aj) j(X2,Az5) j(X3,Az)
j=1
(14)
where X; represents all the inputs (i = 1.3), A;j is a vector
involving all the input fuzzy sets, and h; represents the output
fuzzy set for the jth rule.
Using (5) (7), the complete fuzzy controller system for
engine power control can be described by (15), shown at the
bottom of the next page.

B. Stability of the Fuzzy Gain-Scheduling Pl Control System

Due to the complexity and nonlinearity of the detailed power-
split system dynamics, a rigorous theoretical analysis of the
system s global stability is not viable; practically meaningful
global stability can only be veri ed through extensive simula-
tions and experiments. The global stability of the fuzzy gain-
scheduling PI control system was veri ed through extensive
simulations and experiments using a Ford Escape Hybrid ve-
hicle under various driving maneuvers and different conditions.

Since theoretical global stability is inconsequential for such
practical application, the local stability concerning the system s
equilibrium point and the surrounding region is of great value
as it can serve as the theoretical basis for stability proof. In
this section, we will discuss the (local) stability of this fuzzy
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TABLE |
FuzzY RULES FOR THE FUzzY GAIN SCHEDULER
Rule If if if Then
No. xi(n) | x2(n) | x3(n) | wue(n) Explanation
is is is is
1 low low low high Steady state condition
2 low low med high Close to steady state condition
3 low low high med Predicts condition where PI controller may windup
4 low med low high Close to steady state condition
5 low med med high Close to steady state condition
6 low med high med Predicts condition where PI controller may windup
7 low high low high System’s response is quick, so PI controller won’t windup
8 low high med med Predicts PI controller may windup, as system’s response is not as quick,
9 low high high med Predicts condition where PI controller may windup
10 med low low high Steady state condition, but powertrain not generating enough power
11 med low med high Close to steady state condition, but power not generating enough power
12 med low high med Predicts condition where PI controller may windup
13 med med low med Relatively slow transient event, so predicts PI controller may windup
14 med med med med Relatively slow transient event, so predicts, PI controller may windup
15 med med high low Slow transient event that may become fast, so PI controller can windup
16 med high low med Fast transient, so PI controller may windup but windup won’t be huge
17 med high med low Fast transient event where PI controller will windup
18 med high high low Fast transient event where PI controller will windup
19 high low low high Steady state condition, but powertrain is generating low power
20 high low med med Even if powertrain is producing low power, PI controller may windup
21 high low high med Even if powertrain is producing low power, PI controller will windup
22 high med low med Relatively slow transient event, so predicts PI controller may windup
23 high med med med Relatively slow transient event, so predicts PI controller may windup
24 high med high low Slow transient event that may become fast, so PI controller can windup
25 high high low low Fast transient event where PI controller will definitely windup
26 high high med low Fast transient event where PI controller will definitely windup
27 high high high low Fast transient event where PI controller will definitely windup

gain-scheduling PI controller controlling the HEV system. As
mentioned earlier, one of the major reasons why the problem
of undesired engine speed behavior occurs is that the engine
power delivery is different under different conditions [44]. For
example, the engine power delivery can be as slow as 500 ms
and the engine torque can be limited to very lower values,
such as 110 Nem at an engine speed of 4000 r/min, under
worst engine operating conditions. Under other conditions, the
engine behavior or response is relatively better. With these
worst engine operating condition assumptions and using correct
engine inertial values, the engine model can be simpli ed [23].
This simpli cation is achieved by replacing the engine model
by a simpli ed engine model with a calibratable time constant.
Using the classical Pl controller from Fig. 6 for the engine
power and speed control, it was veri ed through simulations
that the whole system using the classical PI controller was sta-
bleifK; landK, 0.1.Furthermore, various experimental
tests were conducted using the classical PI controller to con rm
that the system was indeed globally stable with these gains.
Therefore, it can safely be stated that if K; and K, are kept

below the above speci ed values, then the system will always
be at least locally stable.

It has been shown in [43] that for a given process whether
linear or nonlinear, the fuzzy PI control system with (linear)
control rules has the same local stability at the equilibrium point
as the linear classical Pl control system does. We will extend
this concept to the designed fuzzy gain-scheduling PI control
system and prove that if the classical Pl control system is locally
stable, then the corresponding fuzzy gain-scheduling PI control
system will also be locally stable. According to Lyapunov s
linearization method on stability, if the linearized system is
strictly stable, then the nonlinear system is locally stable at
the equilibrium point [48]. In other words, the fuzzy gain-
scheduling PI control system is stable if around the equilibrium
it reduces to a classical Pl control system that is stable. There-
fore, the designed fuzzy gain-scheduling PI control system will
locally be stable if £(n) converges to 1 at the equilibrium
point. Note that from (15), for the condition when x; and x; are
both low, ¢(n) can be written as in (16), shown at the bottom
of the next page. Under steady-state conditions, not only x;

i(x1, AL) (X2, Azj) (X3, Az j)hj

u(n) = K,2=2

- i(X ALj) (X2, Azj) (X3, Asj)
J:

e(n) + KiTs

N i(X1,ALy) (X2, Azj) §(X3, Agj)hj

e(i)

=L F(XL, AL (X2, Azj) (X3, Azj)
=1
(15)
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and x; are both low, but also, due to the nature of power-split
HEV powertrain, the absolute difference between commanded
engine speed (actual engine speed) and the target engine speed
(x3) is low, and hence, the terms related to these inputs can be
expressed as

[010borbar | < |bibamban [<|bi bz ban [<|bi bz bsm]| 0.
(17)

Substituting the values of these terms in (16) results in (18),
shown at the bottom of the page.

According to (18), the fuzzy gain-scheduling multiplier out-
put is unity at the equilibrium point, and hence, the fuzzy
control system is locally stable provided that the PI control
system with its original gains is stable.

V. EVALUATION OF FUzzY CONTROL SYSTEM

To evaluate the improvements from the fuzzy gain-
scheduling PI controller, a simulation environment to study
the classical and fuzzy gain-scheduling Pl controllers will be
presented. After the description of the simulation environment,
simulation results using the classical Pl controller and fuzzy
gain-scheduling PI controller will be presented. Finally, experi-
mental results using a test vehicle at Ford Motor Company s test
track will be used to compare the performances of the classical
PI controller and the fuzzy gain-scheduling PI controller.

A. Power-Split HEV Simulation Environment

As mentioned in Section I, the VSC communicates with
different subsystem controllers and manages/coordinates the
drivetrain functions to satisfy the driver s request and balance
the energy ow to and from the multiple power units. Simula-
tion modeling [17] [23] has become very common to study the
behavior of controllers and plants. To study the VSC in detail, a
validated simulation environment [23] was used to incorporate
the VSC with a validated power-split powertrain HEV dynam-
ics plant model [23] and driver environmental input model
[23]. The power-split HEV plant model for simulation was de-
veloped by integrating the developed subsystems mathematical
representations and models in a hierarchical architecture [23],
as shown in Fig. 9. Further MATLAB SIMULINK tools were
used to integrate the power-split HEV plant model with a driver
and environmental input model, and the VSC. The subsystems
in this modeling environment are modularized, which enables

Fig. 9. HEV simulation model. Top level.

TABLE I
SPECIFICATIONS OF THE FORD ESCAPE HYBRID
VEHICLE AND ITS SUBSYSTEMS

Vehicle Type: Ford Escape Hybrid

Weight: 1820 kg

Type: 2.3L 14 engine Atkinson Cycle
Maximum Torque: 124 Nm at 4250 r/min
Type: Permanent magnet AC synchronous
Maximum Power: 70 kW at 3000 to 5000 r/min
Maximum Voltage: 400 V

Type: Nickel-Metal-Hydride (NiMH)

Rated Voltage: 330 V

Maximum Power: 40kW

Capacity: 6 Ah

Engine

Electric
Machine

Battery

us, when needed, to easily change the subsystem model to the
one with a different capability and functionality required for a
desired purpose [23]. The Driver and Environmental Inputs
block in Fig. 9 contains the driver model that generates driver
inputs (e.g., accelerator and brake pedal commands) and the
environmental conditions such as road coef cient of friction,
road grade, ambient temperature, etc. The driver portion of the

Driver and Environment Inputs block can be con gured to
follow a wide selection of standard drive cycle traces represent-
ing urban, highway, or even a custom drive cycle. The VSC
block contains VSC, transmission control module, engine con-
troller, battery control module, and brake system module [23].
This is the block where algorithms for both the classical Pl
controller and the fuzzy gain-scheduling PI controller will
be implemented and tested. The power-split powertrain HEV
dynamics plant model block contains the powerplant dynamics
model, brake system dynamics model, driveline dynamics, and
vehicle dynamics model [23]. This simulation environment was
used for the development and evaluation of the fuzzy gain-
scheduling PI controller.

£(n)= (by) oy b3y iy +byy boy bap i +byy boy bapihm +bay Pom b3 hi +b11 Pom Pam hb +b11 bom 3 hm +P11 b ba hi +bay Pop Panv hv +bay P P3H hm)

by by b3 +b1) boy bam +b1y b2 b3 +P1 Pom b3 +P1 Pom banm +bibanm b3 +Pa1 PoH b3 +P1 P banm +b1 PoH PaH)

(16)

() = (b1 bay bai iy + by ba basmhi + by bambahy + bay bambam by + by bonbs )
(b1 b ba + by by b3 + by bambar + b1 bonbam + baboribsr)

1 (18)
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