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on mathematical behaviour and structure of the control
strategies, PMSs are divided into two groups: Rule based
strategies and optimization based strategies [3].

Abstract. In this paper, an online power management strategy
for plug-in hybrid electric vehicles (PHEVs) is presented. The
suggested strategy has little dependence on priori knowledge of
the driving cycle and future power demands. It needs just the
driving duration. In this method, instead of solving a complex
mathematical problem, some physical characteristics of the
PHEV’s components such as the engine fuel consumption power
curves are used. These curves are discretized to multiple linear
zones. The zones selection is dependent on the state of charge
(SOC) level of the energy storage system. For each zone, an
instantaneous optimal problem is solved. Moreover, this strategy
is adapted by considering the previous driving cycle during
distinct time periods. Finally, a parallel PHEV is simulated in
ADVISOR environment and the results are compared with
another method.

Rule based PMSs operate based on a set of rules that is
defined by the system. These strategies optimize the
performance of each component individually. Therefore,
they are not able to find the global optimum points [3].
However, due to easy performance and low mathematical
burden, rule base PMSs are so attractive. Many PMSs are
presented recently, covering heuristic rule based
approaches [2],[4]-[6] as well as fuzzy rule based
strategies [7]. A novel rule based PMS for the PHEVs
that focuses on all electric range and charge depletion
range operations is presented in [2]. An engine on-off
rule based control strategy considering position of
acceleration pedal is proposed in [4]. A new heuristic
solution for parallel and series-parallel PHEV is proposed
in [5]. A rule based fuzzy logic control strategy for a
parallel hybrid electric city public bus is proposed in [7].
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Optimization based controllers are used to develop an
optimal PMS for PHEVs by minimizing a cost function.
Usually this type of PMSs is more accurate than the rule
based PMSs, but they have more mathematical burden
and need the future driving cycle information. Therefore,
global optimization methods are non-causal and almost
impractical. However, there are a lot of researches on
attaining this information from new transportation and
geographical systems like GPS and GIS [8]-[9].

1. Introduction
Nowadays, vehicles fuel economic and environmental
problems have an important role in government’s
decisions and public ideas. Therefore, hybrid electrical
vehicles (HEVs) and plug-in HEVs (PHEVs) are
introduced as one way to reduce the pollution and increase
the fuel efficiency.
PHEVs are the new generation of HEVs that can be
plugged into an electricity outlet for charging the energy
storage system. Therefore, this type of vehicles consumes
less fuel and their emissions are less than HEVs at least in
the city area. As a comparison to the non-plug-in hybrids,
a plug-in hybrid offers [1]:
• 25%-55% reduction in NOx
• 35%-65% reduction in greenhouse gases
• 40%-80% reduction in gasoline consumption

One of the most interesting global optimization PMSs is
dynamic programming (DP) [10]-[11]. DP is very time
consuming and has complex mathematics. Therefore,
authors are proposed two-scale DP that can reduce
mentioned problems [12]-[14].
Many researches are done for attaining new and better
PMSs. The equivalent fuel consumption strategies
(ECMS) are proposed by [7],[15]-[16].

The main differences between a PHEV and a HEV are the
drive train control strategy and the battery energy capacity
design [2]. The fuel consumption of PHEVs is affected
very much by the performance of their components and
power management strategy (PMS). To achieve maximum
fuel profits for PHEVs, many PMSs are presented. Based

Adaptive controllers are being studied as they show the
most promise for optimizing the components in a PHEV
for maximum performance in real time [8],[17]. An
adaptive PMS can optimize itself in real time based on
available vehicle parameters and new conditions like
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driving cycle [3]. For example in this paper, it is assumed
that every driving cycle is made up from different small
urban and highway samples. Therefore PMS can optimize
itself by recognition of its mode from the previous driving
cycle conditions.

The vehicle engine is engaged to and disengaged from
the drive train by its clutch. The clutch will be
disengaged during the shifting time of the gearbox, when
the engine is off, and when the speed of the clutch
becomes lower than the engine idle speed.

The proposed PMS has slight mathematic calculations and
needs just the estimation of the driving duration to design
the reference SOC. Therefore, the proposed method can be
applied online and it is compatible with different driving
cycles.

C. Motor/generator (MG)
There is at least one electrical machine in a PHEV. This
electric machine can act as a motor or a generator
depends on different conditions. Therefore, the electric
machine will be addressed in this paper as
motor/generator (MG). The power of MG (Pem) is
supposed negative in motoring mode and positive in
generating mode.

The PMS that is presented in this paper, is an online
adaptive PMS based on physical insight in to PM problem.
The concept of this paper is inspired from the concepts of
[18] and ECMS method. In this method for the power
management of a parallel PHEV, instead of solving
complex
mathematical
problems,
the
physical
characteristics of PHEV’s components such as the engine
fuel consumption curves are used.

D. Drive train (D)
The traction power (Pt) is the required wheels power. For
the given vehicle, Pt can be expressed as (2) [3].

This paper is organized as follows. An adequate vehicle
model is presented in Section 2. The background of the
proposed PMS is discussed in section 3. The problem
formulation for the PMS is given in Section 4, and the
main stem of strategy is explained in Section 5. In section
6 an adaptive control strategy is discussed and in 7, the
reference SOC as a guide for the battery SOC is
introduced. The simulation results are presented in section
8. Finally, conclusions can be found in Section 9.

Pt =

where M is the vehicle mass; v is vehicle speed; g is
gravity acceleration, ρa is air mass density; CD is the
aerodynamic drag coefficient of the vehicle; Af is the
front area of the vehicle; δ is the rotational inertia factor;
dv/dt is the acceleration and i is the grade of the road.
Considering Pd as the drive train input power, it can be
calculated by (3).
(3)
Pd = ωd × Td

2. VEHICLE MODEL
The focus of this paper is on the parallel PHEV topology.
The schematic of this topology is shown in Fig. 1. The
components of this structure are discussed as follows.

where ωd and Td are the crankshaft speed and torque,
respectively.

A. Internal combustion engine (ICE)

fd
v
r
P
Td = t
ωdη d

ωd =

The fuel consumption rate of an ICE is the function of the
engine output power (Pm) and the engine speed as (1),
where ω is the engine speed and Pm is the engine power.
Pm is always a non-negative parameter.

fuel _ rate = f ( Pm , ω )

v
1
dv
( Mgfr + ρ a CD A f v 2 + Mδ
+ Mgi) (2
1000
2
dt

(4)
(5)

where fd is the drive train ratio, r is the wheel radius and
ηd is the efficiency of the drive train.

(1)

B. Clutch (CL)

E. Power Split (PS)
The power split is assumed to have no energy losses and
provides the following power balance:
Pm = Pd + Pem .

(6)

F. Battery (B)
The battery is modelled by a voltage source and a series
resistance. This resistance represents the battery internal

Fig. 1. The parallel PHEV topology
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and terminal losses. The SOC of the battery is defined as
percentage of the remained energy in the battery (Es(t)) to
the total theoretical energy capacity of that (Ecap) [14].
E (t )
(7)
SOC (t ) = s × 100
Ecap

5

F uel Usage (g/s)

4

G. Electric Load (EL)

3

2

...
w=435.7 rad/s

Electric load (EL) represents auxiliaries such as head
lights, radio, etc. The power consumed by EL is called PL.
For simplicity this power is assumed to be constant and
equal to 700 W.
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Fig. 2. Fuel map characteristic for ADVISOR SI41 engine

3. STRATEGY OUTLINE

J (t ) = f ( Pm ) −
A PMS should supply the total power demand with the
highest efficiency [19]. In vehicles, fuel is consumed in the
ICE. Therefore the fuel consumption can be reduced by
good handling of the engine. Hence, this paper has a lot of
attention to the ICE characteristics.

J (t ) = f ( Pem | Pd , Pl , ω ) − λ fi Pem

(11)

By two control variable (Pem and S), the ICE and MG are
manipulated. Pem is power of the MG in mechanical side
and S is a binary variable that defines the ICE on or off
mode. When S is 1, ICE is on, otherwise it is off.

Typically, the slope of each zone (λi) is constant, where i
indicates the zone number. λi represents the extra fuel mass
flow to produce a small amount of mechanical power by
the engine.
∂f ( Pm , ω )
(8)
λi ( Pm , ω ) =
∂Pm
Fuel consumption rate can be expressed for each zone as
(9) where f0i indicates the fuel usage for initial point for
zone i and Nf is the number of zones.

i = 1,2,..., N f

(10)

In this PMS, ratio of the equivalent factor and Hl, is
considered equal to slope of the chosen operation zone
(λf). For each zone (i), there is a certain slope called λfi.
Moreover, in order to have only one variable, Pm can be
replaced from (6). Therefore, (10) is rewritten as:

The ADVISOR model SI41 engine fuel curves for
different speeds are shown in Fig. 2. Each curve is
linearized and discretized into several zones and each zone
is an operation area for the ICE. In this paper, each curve
is divided into 11 zones.

f i ( Pm , ω ) ≈ f 0 i (ω ) + λi ( Pm , ω ) × Pm

s
Pem
Hl

The results must satisfy the limits. These limits are as
follows:
Pem _ min (t ) ≤ Pem (t ) ≤ Pem _ max (t ) ∀t ∈ [0, t e ] (12)
Ps _ min (t ) ≤ Ps (t ) ≤ Ps _ max (t )

∀t ∈ [0, t e ] (13)

Zonemin (t ) ≤ Zone(t ) ≤ Zonemax (t ) ∀t ∈ [0, t e ] (14)
SOC (t e ) ≈ SOC L
(15)
SOC (t ) ≥ SOC L
∀t ∈ [0, t e ] (16)

(9)

However, the ICE is allowed to operate in higher zones
than the optimal area if the SOC is lower than SOCL or
when the trajectory is missing. These bounds can be
defined by design engineers or by mathematical
optimization methods.

4. PROBLEM FORMULATION
After choosing the proper zone, the proper ICE operation
point in the chosen zone is defined. This point is one with
the lowest fuel consumption. Therefore, a cost function is
defined and minimized. This function is inspired by ECMS
method. In ECMS method, an instantaneous cost function
is defined for the equivalent fuel minimization. (10)
explains this cost function where J(t) is the equivalent fuel
consumption, f(Pm) is the real fuel consumption, Hl is the
low heating value of the fuel, and s is the equivalent factor
that depends on the driving cycle and efficiency of the
power train components [16].

5. ONLINE STRATEGY
In this paper, a novel PMS for parallel PHEVs is
proposed. In this strategy, just the trip duration is
required. This duration can be easily estimated by the
vehicle driver or by information systems [19]. Therefore,
this PMS do not need a lot of priori information and can
be performed online.
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In section IV, S is introduced as a control variable with
two situations. First consider the situation with S=1. When
the engine speed is more than its idle speed and S=1, the
engine will be on. The PMS in this situation is discussed as
follows.
In this paper, a reference SOC (SOCref) is considered as a
guide for SOC that can guaranty the proper SOC variation.
Therefore, when SOC is lower than SOCref, then ICE
should be operated in the high power area. Otherwise, the
ICE operates in the lower power points. In the each
iteration of the control strategy, the engine operation zone
is allowed to change just one unit. To avoid fast changing
in the ICE operation points, ICE continue to operate
several seconds in the chosen zone.

Fig. 3. Feedback diagram for estimating λ*

•

6. ADAPTIVE ONLINE STRATEGY

In each iteration, an optimal Lagrange multiplier (λ*) is
calculated and used for the proper zone selection. λ* is a
limited parameter and its upper and lower bounds are
depended on the ICE characteristics.

Usually, in a highway the average demanded power is
more than urban driving cycles and the ICE does not
need frequent starting and stopping. Therefore, this paper
suggests, the batteries should be charged in highways and
discharged in the urban driving cycles. Therefore, the
proposed PMS is modified as follows:

The operation zone is shifted when slope of the adjacent
zone in proper direction is close to λ* rather than slope of
the present zone. λ* is calculated by a system that is shown
in Fig. 3.

In highway driving cycles, the ICE operation points are
shifted from present zone to the adjacent zone with
higher power. In this condition, if SOC is lower than
SOCref, the ICE should be on and charge the batteries. In
urban driving cycles, the ICE operation points are shifted
from present zone to the adjacent zone with lower power.

The input signal of proportional integrator (PI) controller
is multiplied by -1 if slope of the adjacent zones reduced
with power increase. Therefore, λ* is equal to
t

∫0

λ* = λ0 + K P .e(t ) + K I . e(v)dv

(17)

The driver can define the driving cycle type, manually.
However, the PMS uses a new method for this purpose.
Each driving cycle can be divided into several small
highway and urban cycles. Therefore, the driving cycle
type is defined for the near future considering its type in
the recent past. If the average speed in the recent past
period is greater than a specific speed, then the next
period should be considered as highway, otherwise it is
urban. This specific speed is defined by trial and error.

where λ0 is an initial guess. Selecting the parameters KP
and KI for a small closed-loop bandwidth allows for a
tracking error between the actual SOC and SOCref.
The proper initial value for λ* (λ0), is slope of the most
optimal zone. With this selection, the ICE operates near
the efficient zone in start of the trip. Appropriately, tuning
of the parameters KP and KI is described and analysed in
[20].
After the proper choosing zone, the cost function (10)
should be minimized. Also, the limits (12)-(16) should be
satisfied. Pem and Pm are obtained from solving (10) and
(6).

7. REFERENCE SOC (SOCREF)
SOCref is required as a guide for SOC that has essential
role in choosing the proper zone. The SOCref is
considered as a straight line from SOCH at beginning of
the trip to SOCL at its end. However, if the battery SOC
reaches to SOCL before end of the trip, then SOCref will
be switched to the horizontal line with SOCL value. These
two situations are shown in Fig. 4, and Fig. 5.

S will be zero in the following situations:
•

In the regenerative braking mode, if the ICE is
off and the kinetic energy of the wheels is
captured by the MG. It is assumed that just 60%
of this energy can be regenerated [18].

If SOC of the battery is more than SOCL and at
the same time the MG and batteries can provide
enough power for traction. In other words, if (18)
and (19) are satisfied.

8. SIMULATION RESULTS
− Pd ≥ Pem _ min
− Pd

η mm

(18)
The proposed PMS is simulated in the ADVISOR
environment for 10 repeats of several driving cycles. The

− PL ≥ Pb _ min

(19)
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Fig. 5. SOC and SOCref for 10 cycles of INDIA_ HWY

results are compared with a heuristic rule based PMS that
is proposed in [6]. The simulated vehicle's parameters are
presented in table I. The components of this PHEV are as
follows: SI41 engine, 28 Ah NiMH batteries, and an AC
electric machine with 59 kW peak power.

0.8
SOC (Rule based PMS)
SOC (Proposed PMS)
SOCref

0.7
0.6

Simulation is done for the seven normal driving cycles and
five combined driving cycles. These five driving cycles are
combined from different highway and urban cycles. The
average fuel consumption is used for comparison.

SO C

0.5
0.4
0.3
0.2

A comparison between the proposed adaptive online
strategy and the rule based strategy proposed by [6] for 10
repetitions of the seven normal driving cycles, is given in
table II. The proposed PMS method has 3.86% less fuel
consumption than the rule based strategy considering the
simulation results.
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Fig. 7. NEDC driving cycle
Fuel Converter Operation - Geo 1.0L (41kW) SI Engine - transient data
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Effect of the proposed adaptive strategy that has been
explained in section 6 is illustrated in table III. The
adaptive PMS has 4.59% less fuel consumption than the
compared rule based PMS and 3.7% more fuel reduction
than the non-adaptive PMS.
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Fig. 8. Engine operating point for the proposed PMS in 10
NEDC

Fig. 4. SOC and SOCref for 10 cycles of UDDS

SOC , SOCref
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Fig. 6. Simulation SOC results for 10 NEDC driving cycles

The simulation results for NEDC driving cycle is shown in
Fig. 6. This driving cycle is shown in Fig. 7. In this
strategy, the limitation in the engine start and stop time is
not considered. But this condition is similar for all
compared strategies. The ICE operation points for these
strategies are shown in Fig. 8, and Fig. 9. The ICE
operation points are in the higher efficiency areas for the
proposed PMS strategy.
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Fuel Converter Operation - Geo 1.0L (41kW) SI Engine - transient data
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Fig. 9. Engine operating point for the rule based PMS in 10
NEDC
Table I. Parameters of the simulated vehicle
symbol
m
Ad

value
1400
2.0

unit
Kg
m2

Cd

0.3

_

Cr

0.015

_

ρ
g
ωr

1.2
9.8
0.3

Kg/m3
m/s2
m

SOCH

0.8

_

SOCL

0.2

_

Gear ratios

gr

13.45_7.57_5.01_3.77_3.01
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Fuel usage for
Proposed PMS
(L/100Km)
2.1

Cyc_FTP

4.2

_

Fuel usage for rule
based PMS [6]
(L/100Km)
2.4
4.3

Cyc_HWFET

3.3

3.5

Cyc_India_urban_sample

5.2

5.2

Cyc_India_hwy_sample

2.9

3

Cyc_NEDC

3.5

3.7

Cyc_UDDS

3.7

3.8

Average

3.56

3.7

Table III. Fuel consumption results for 5 combined driving cycles
(U is urban and H is highway).

(India)
(India)
(India)
(India)

H_U_H_U
U_H_H_U
U_H_U
H_H_U_U

2.08

P. Fajri, B. Asaei, “Plug-in Hybrid Conversion of a Series
Hybrid Electric Vehicle and Simulation Comparison,”
Optimization of Electrical and Electronic Equipment,
2008. OPTIM 2008. 11th International Conference on,
pp.287-292, 22-24 May 2008.
[2] Yimin Gao, M. Ehsani, “Design and Control
Methodology of Plug-in Hybrid Electric Vehicles,”
Industrial Electronics, IEEE Transactions on, Vol.57,
No.2, pp.633-640, Feb. 2010.
[3] S. G. Wirasingha, A. Emadi, “Classification and Review
of Control Strategies for Plug-in Hybrid Electric
Vehicles,” Vehicle Power and Propulsion Conference,
2009. VPPC '09. IEEE, pp.907-914, 7-10 Sept. 2009.
[4] Xie Hui, Ding Yunbo, “The Study of Plug-In Hybrid
Electric
Vehicle
Power
Management
Strategy
Simulation,” Vehicle Power and Propulsion Conference,
2008. VPPC '08. IEEE, pp.1-3, 3-5 Sept. 2008.
[5] X. He, M. Parten, T. Maxwell, “Energy Management
Strategies for a Hybrid Electric Vehicle,” Vehicle Power
and Propulsion, 2005 IEEE Conference, pp. 390- 394, 7-9
Sept. 2005.
[6] F. Mapelli, M. Mauri, D. Tarsitano, “Energy Control
Strategies Comparison for a City Car Plug-In HEV,”
Industrial Electronics, 2009. IECON '09. 35th Annual
Conference of IEEE, pp.3729-3734, 3-5 Nov. 2009.
[7] Li Yushan, Zeng Qingliang, Wang Chenglong, Li
Yuanjie, “Research on Fuzzy Logic Control Strategy for a
Plug-in Hybrid Electric City Public Bus,” Measuring
Technology and Mechatronics Automation (ICMTMA),
2010 International Conference on, Vol.3, pp.88-91, 13-14
March 2010.
[8] Chen Zhang, A. Vahidi, P. Pisu, Xiaopeng Li, K.
Tennant, “Role of Terrain Preview in Energy
Management of Hybrid Electric Vehicles,” Vehicular
Technology, IEEE Transactions on , Vol.59, No.3,
pp.1139-1147, March 2010.
[9] Qiuming Gong, Yaoyu Li, Zhong-Ren Peng, “Trip-Based
Optimal Power Management of Plug-in Hybrid Electric
Vehicles,” Vehicular Technology, IEEE Transactions on,
Vol.57, No.6, pp.3393-3401, Nov. 2008.
[10] Caiying Shen, Xia Chaoying, “Optimal Power Split in a
Hybrid Electric Vehicle Using Improved Dynamic
Programming,” Power and Energy Engineering
Conference (APPEEC), 2010 Asia-Pacific, pp.1-4, 28-31
March 2010.

Table II. Fuel consumption results for 7 normal driving cycles.

Driving Cycle

2.16

References

Quantity
Vehicle mass
Front area
Air drag
coefficient
Rolling
resistance
Air density
Gravity
Wheel radius
Upper SOC
level
Lower SOC
level

Cycle (10 repetitions for
each one)

2.18

In this paper an adaptive online concept for power
management methods in a parallel PHEV configuration is
presented. This concept provides not only a mathematical
solution to the PM problem, but also the physical
explanation behind the PMS. Due to its low
computational
requirement,
an
online
vehicle
implementation is applicable. Recognition of the driving
cycles makes this strategy a powerful and compatible
PMS for different driving cycles.

22.1

18.1
20

1000

2.6

9. CONCLUSIONS

30.1

-20
0

2.6

26.1

33.1

40

2.7

Fuel usage for
rule based
PMS [6]
(L/100Km)

Fuel usage for
non-adaptive
PMS
(L/100Km)

Fuel usage
for adaptive
PMS
(L/100Km)

2.2
2.2
1.6
2.2

2.2
2.2
1.6
2.2

2.1
2.1
1.5
2.1

113

Canadian Journal on Electrical and Electronics Engineering Vol. 3, No. 3, March 2012

[11] Chenghong Yang, Jun Li, Wei Sun, Bo Zhang, Ying Gao,
Xuefeng Yin, “Study on Global Optimization of Plug-In
Hybrid Electric Vehicle Energy Management Strategies,”
Power and Energy Engineering Conference (APPEEC),
2010 Asia-Pacific , pp.1-5, 28-31 March 2010.
[12] Qiuming Gong, Yaoyu Li, Zhong-Ren Peng, “Trip Based
Power Management of Plug-in Hybrid Electric Vehicle
with Two-Scale Dynamic Programming,” Vehicle Power
and Propulsion Conference, 2007. VPPC 2007. IEEE,
pp.12-19, 9-12 Sept. 2007.
[13] Qiuming Gong, Yaoyu Li, Zhong-Ren Peng,
“Computationally Efficient Optimal Power Management
for Plug-in Hybrid Electric Vehicles Based on Spatialdomain Two-scale Dynamic Programming,” Vehicular
Electronics and Safety, 2008. ICVES 2008. IEEE
International Conference on , pp.90-95, 22-24 Sept. 2008.
[14] Qiuming Gong, Yaoyu Li, Zhongren Peng, “Power
Management of Plug-in Hybrid Electric Vehicles Using
Neural Network Based Trip Modeling,” American Control
Conference, 2009. ACC '09. , pp.4601-4606, 10-12 June
2009.
[15] S. J. Moura, H. K. Fathy, D. S. Callaway, J. L. Stein, “A
Stochastic Optimal Control Approach for Power
Management in Plug-In Hybrid Electric Vehicles,” Control
Systems Technology, IEEE Transactions on , Vol.PP,
No.99, pp.1-11, 0.
[16] Chen Zhang, A. Vahid, “Real-time Optimal Control of
Plug-in Hybrid Vehicles with Trip Preview,” American
Control Conference (ACC), 2010, pp.6917-6922, June 30
2010-July 2 2010.
[17] R. Saeks, C. J. Cox, J. Neidhoefer, P. R. Mays, J. J.
Murray, “Adaptive Control of a Hybrid Electric Vehicle,”
Intelligent Transportation Systems, IEEE Transactions on ,
Vol.3, No.4, pp. 213- 234, Dec 2002.
[18] J. T. B. A. Kessels, M. W. T. Koot, P. P. J. van den Bosch,
D. B. Kok, “Online Energy Management for Hybrid
Electric Vehicles,” Vehicular Technology, IEEE
Transactions on , Vol.57, No.6, pp.3428-3440, Nov. 2008.
[19] Qiuming Gong, Yaoyu Li, Zhong-Ren Peng, “Trip-Based
Optimal Power Management of Plug-in Hybrid Electric
Vehicles,” Vehicular Technology, IEEE Transactions on,
Vol.57, No.6, pp.3393-3401, Nov. 2008.
[20] J. T. B. A. Kessels, “Energy Management for Automotive
Power Nets,” Ph.D. dissertation, Dept. Elect. Eng.,
Technische Univ. Eindhoven, Eindhoven, Netherlands,
2007.

114

