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Abstract: When searching for the optimal solution, Equivalent Consumption Minimum Strategy
(ECMS) has to calculate and compare the total equivalent fuel rate of huge candidates covered all
over the control domain for each time instant. Therefore, this strategy still has a heavy computation
burden problem,; it is a challenge for ECMS to be implemented online for real-time control. To reduce
ECMS’s calculation load, this paper proposes an adaptive Simplified-ECMS-based strategy for a
parallel plug-in hybrid electric vehicle (PHEV). A convex piecewise function is applied to fit the total
equivalent fuel rate with respect to the motor torque, which is the control variable. Then, the ECMS
problem is simplified to calculate and compare only five candidates’ total equivalent fuel rate to
determine the optimal torque distribution. Particle swarm optimization (PSO) algorithm is applied to
optimize the equivalent factor, and the MAPs of this factor under different driving cycles, driving
distances and initial SOC are obtained. Based on this, the adaptive Simplified-ECMS-based strategy
is proposed. Simulations were performed, and the results show that the Simplified-ECMS-based
strategy can obviously shorten the calculation time compared to ECMS-based strategy, and the
adaptive Simplified-ECMS-based strategy can decrease fuel consumption of plug-in hybrid electric
vehicle by 16.43% under the testing driving cycle, compared to CD-CS-based strategy. A road test on
the prototype vehicle is conducted and the effectiveness of the Simplified-ECMS-based strategy is
validated by the test data.

Keywords: plug-in hybrid electric vehicle (PHEV); energy management strategy (EMS); equivalent
consumption minimization strategy (ECMS); particle swarm optimization algorithm (PSO)

1. Introduction

Plug-in hybrid electric vehicles (PHEVs) assume an essential role in decreasing fuel consumption,
pollutant emissions, and carbon footprint [1]. Indeed, the application effect of PHEVs is strongly
influenced by many optimization tasks, i.e., charging station’s locating optimization [2—4], charging
time optimization [4], the PHEV taxi system’s optimization [5], battery size optimization [6], and power
optimization during driving. This power optimization is actually the major part of the blended energy
management strategy (blend- energy management strategy (EMS)), which is a crucial technology
for PHEVs [7]. The main blend-EMSs encompass dynamic programming (DP)-based-EMS [8-11],
derivative-free algorithms (DFA)-based-EMS [12-15], quadratic programming (QP)-based-EMS [16],
pontryagin’s minimum principle (PMP)-based-EMS [17,18], equivalent consumption minimization
(ECMS)-based-EMS [19-21].
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DP-based-EMS is able to compute global optimal solutions for PHEVs. However, it is hard to apply
to real-time control for its high computational burden, As a result, DP-based-EMS is widely utilized in
offline analysis to benchmark alternative EMSs, inspire RB strategies design, and serve as training data
for machine learning algorithms, etc. [12,22]. DFA-based-EMS mainly concern metaheuristic algorithms
inspired in nature and DIRECT deterministic method [12], The main DFA-based-EMSs employed
by PHEVs are simulated annealing (SA)-based-EMS [13], genetic algorithm (GA)-based-EMS [16],
and particle swarm optimization (PSO)-based-EMS [14]. Above EMSs do not require derivative
calculations, but these EMSs solve optimization problems with large search space of likely solutions,
which causes a high computation load. The aforementioned EMSs have a heavy computation
burden problem, some studies explore simplifying technique, instantaneous optimization method
or local optimization method to improve computationally efficient, including QP-based-EMS [16],
PMP-based-EMS [18], and ECMS-based-EMS [21]. Hu et al. designed QP-based-EMS for a series
plug-in hybrid electric bus, and demonstrated its decreasing computational time and the feasibility of
real-time control [6]. Nevertheless, this EMS’s limitation lies in its strictly convex terms requirement,
which requires that both cost function and inequality constraints are expressed in convex form,
and equality constraints are affine [23]. So QP-based-EMS is not suit for PHEVs with complex
configuration. PMP-based-EMS has transformed the global optimization problem to an instantaneous
Hamiltonian optimization problem, which makes its real-time control possible. However, it is still a
challenge for optimizing the Hamiltonian real-time due to the massive computational load required [17].
ECMS-based-EMS was first introduced for a parallel single shaft hybrid powertrains with a constant
equivalent factor by Paganelli et al. [24]. ECMS is derived from the pontryagin’s minimum principle.
Making some assumptions, simplifications and equations derivation about PMP-based EMS, the local
optimization algorithm of ECMS is obtained. These simplifications really improve the algorithm of
ECMS’s computationally efficiency. However, ECMS online implementation requires further reduction
of the computational time, since candidates of the control variable cover all over the control domain,
calculating and comparing the total equivalent fuel of these huge candidates to determine the optimal
solution is still a challenge.

Through above analysis, we know that further simplification of optimization algorithm and further
reduction of the computational time are very necessary to apply blend-EMSs to PHEVs' real-time control.
ECMS-based-EMS is more likely to be applied to PHEVs with complex configuration’s real-time control
than other blend-EMSs. Therefore, we select ECMS algorithm to further simplify it. Firstly, the models
of engine’s fuel rate and battery’s consumption rate are approximately fitted by the piecewise function.
Then, the total equivalent fuel rate can be expressed by a convex piecewise function. Finally, according
to the properties of convex functions, the ECMS problem is simplified to calculate and compare total
equivalent fuel rate of only five candidates to identify the optimal torque distribution, instead of calculating
and comparing the total equivalent fuel rate of huge candidates, who cover all over the control domain.
After gaining the Simplified-ECMS-based strategy, we introduce the particle swarm optimization (PSO)
genetic algorithm to optimize the Simplified-ECMS algorithm’s equivalent factor, instead of optimizing
this factor by trial and error method. The MAPs of this factor under different driving patterns, driving
distances and initial SOC are obtained through off-line optimization based on this genetic algorithm.
Finally, the adaptive Simplified-ECMS-based EMS is implemented based on the equivalent factor MAPs.

The original contribution of this paper is related to the following aspects. First, a Simplified-ECMS-
based strategy is proposed to simplify ECMS problem and reduce calculation burden. Second,
the particle swarm optimization (PSO) genetic algorithm is introduced to optimize the equivalent
factor, rather than obtaining the factor by trial and error method. Finally, by integrating the two major
contributions mentioned above as well as other works, the adaptive Simplified-ECMS-based EMS is
proposed for the EMS of the PHEV.

The outline of this paper is as follows. The structure and parameters of a parallel continuously
variable transmission (CVT)-based PHEV powertrain are described in Section 2. The model of the
powertrain system is provided in Section 3. Simplified-ECMS-based strategy is proposed in Section 4.
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The adaptive Simplified-ECMS-based strategy is presented in Section 5. Road test is conducted in
Section 6 to validate the effectiveness of the Simplified-ECMS-based strategy. Finally, conclusions are
discussed in Section 7.

2. Structure and Parameters of the Powertrain System

This study focused on a single-shaft parallel CVT-based PHEV. Figure 1 shows the powertrain
of this vehicle that includes an internal combustion engine (ICE), an integrated starter and generator
motor (ISG motor), battery, clutch, a continuously variable transmission (CVT) and final drive (FD).
The vehicle runs in different operating modes by controlling the state of the engine and motor and
the separation and combination of the clutch. According to the state of engine, the working mode of
vehicle can be divided into two modes: engine on mode, and engine off mode. During the engine on
mode, the clutch is closed, the engine provides positive power, and the output power of the motor can
be positive (driving), negative (generating) or zero (idle). During the engine off mode, the clutch is
open, only the motor runs, and this mode can be subdivided into motor driving mode and braking
mode. The basic parameters of the PHEV are shown in Table 1.

ENGINE

ISG

BATTERY
CHARGER

BATTERY PACK

Figure 1. Paralle]l CVT-based PHEV powertrain system.

Table 1. Basic parameters of the PHEV.

Components Parameters Value
Curb weight (kg) 1395
Frontal area (m?) 2.265
Basic parameters of the vehicle Air drag coefficient 0.301
Wheel radius (m) 0.307
Wheel rolling resistance coefficient 0.0135
Eneine Peak power (kW) 90
8 Maximum torque (Nm) 155
Peak power (kW) 30
ISG motor Maximum torque (Nm) 113
Capacity (Ah) 30
Rated voltage (V) 316
Battery Initial SOC 0.95
Minimum SOC 0.25
CVT The range of speed ratio 0.422-2.432

FD Speed ratio 5.24
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3. Powertrain System Modeling

3.1. Vehicle Dynamic Model

This study mainly focuses on the energy management strategy and the evaluation of the power,
economy, and emission performance under energy management strategy, so the vehicle dynamics
model only relates to longitudinal dynamics of vehicle, without involving vehicle’s vertical dynamics
and lateral dynamics. Assume that the vehicle speed is v and the road slope angle is «, then the
wheel-side power P can be expressed as:

ca/ vz—l—m@)ﬁ“wr 1)

Py = (mgf, cos(a) + mgsin(a) + 2115 7

where m is the vehicle mass; c; is the coefficient of air resistance; A is the windward area; r is the
radius of the tire; f; is the rolling resistance coefficient; g is the gravitational acceleration; w; is wheel’s
angular velocity.

A simplified structure of the powertrain system is shown in Figure 2, power is provided by the
engine and the motor separately or jointly, and it is transferred through the CVT and final drive to
the axle shaft of the wheels. Assume that I, is the joint inertia of differential gears and wheels; Iyt is
the joint inertia of final drive and CVT’s driven wheel; Ij;, is the joint inertia of CVT’s driving wheel,
engine and motor; wy, weyt and wy, are the angular velocity of the drive shaft, output axle of CVT and
input axle of CVT; 1 is the efficiency of the final drive; 7.yt is the efficiency of CVT, which is obtained
by looking up table by CVT’s output torque and gear ratio. The power transmitted by the drive shaft
of the vehicle is written as:

dwoyt dw
out — lout outﬁ 0= 1ir rir r
(P, Loutw Mo = Lw + P )
dt dt
I:)in ’Tin, ' Win I:z)ut’Tout,’Wout Pf ! Tf » W r
Treq =T, +T, _ i
7777777777777 Ii/lngtme Final drive Vehicle wheels
Driving wﬁe?e[ of CVT Driven wheel of CVT Differential gears
Figure 2. A simplified structure of the powertrain system.
Then the CVT’s output power Pyt can be written as:
1 dwy dwoyt
Pout = —(Lwy,—— + P, Loytwout —— 3
out 170( rWr dt + r)"’ outWout dt ( )

The CVT’s input power Py, can be written as:

1 1 dw, Loytwout Awout
Py = Powt = ——(hwy—— +B) + ————— 4
in 7’]cvt out 77077€Vt ( rWr dt r) 77cvt dt ( )
The require power need to be distributed between engine and motor can be expressed as:
dwm
Preq:Pe_’_Pm:Pin_FlinwinT &)

where P is the output power of engine; P, is the output power of motor.
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The require torque need to be distributed between engine and motor can be expressed as:

9550Pyeq

Treq - Te + Tm - N
m

(6)
where Ty is the require torque, which is distributed between engine and motor; T, is the output torque
of the engine; T, is the output torque of the motor; Ny, is the speed of the motor.

3.2. Engine’s Fuel Rate Model

The engine’s fuel consumption map is shown in Figure 3. It is a fuel consumption curve
with the abscissa giving the engine speed and the ordinate giving the engine torque. The specific
fuel consumption in Figure 3 is expressed in b, with unit g/ (kW - h).Then the instantaneous fuel
consumption, which is also known as fuel rate with unit g/s, can be expressed as:

mice = Fe b = Te Ne - be (7)

3.6 x 106 3.44 x 1010

where N, is the speed of the engine.

H(Nrg)

®
=1

Engine toruge
8

I
o

N
=]

m& —— Max torque curve
- +503 Specific fuel consumption [g/kwh]
——— - Best efficiency by speed —
L /+700—r—’_|_’_|‘—|/ L L L L )
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Engine speed (rpm)

Figure 3. The engine’s fuel consumption map with respect to its torque and speed.

According to the engine’s fuel consumption map, the relationships between the fuel rate ., and
the engine torque T at the given speed N were fitted by a piecewise function which is made up of two
quadratic functions, and the dividing point of the piecewise function is the best efficiency point Ty,
the fitting result is shown in Figure 4. The corresponding fitting formula is expressed as follows:

line el : co10 + co11 T + ce12T2 when Topmin < To < Topt
Mice = line €2 : cep0 + cex1 Te + 2 Te? when Topt < Te < Temax (8)
0, whenT,=0

where c,q; and ¢p; (i = 0,1, 2) are constants.
Based on Equations (1-6), the T}, is a constant at a certain speed, the engine torque T, can be
expressed as T, = Tyey — Ty, then Equation (8) is expressed as follows:

line el : c19 + 11T + c12Tw? when Treq — Topr < T < min(Treq — Temins Tmax)
Mice = line €2 : co9 + 21 Ty + c22Tw? when maX(Treq — Temax, Tmin) < T < Treq — Topt )
0, when Ty = Ty



Sustainability 2018, 10, 2060 6 of 24

where cy;, ¢p; (i = 0,1,2) are constants; Temin is the engine’s minimum output torque; Temax is the
engine’s maximum output torque; Trin and Tmax are the minimum and maximum output torque of
the motor, respectively.

Fitted fuel rate under 1000rpm

Fitted fuel rate under 2000rpm
i Fitted fuel rate under 3000rpm
Fitted fuel rate under 4000rpm
Fitted fuel rate under 5000rpm d

------- The actual fuel rate tested
o The best effl(?lency point at the ~

311
T

current spee

Fuel Rate (g/s)

0 20 40 60 80 100 120 140 160
Engine Torque (Nm)

Figure 4. Fuel rate of engine.

3.3. Battery’s Consumption Rate Model

The consumption rate of the battery can be expressed as:
d .
L=—-—-50C=-50C=—— (10)

where Q) is the rated capacity of the battery, I, is the current of battery, which can be expressed as:

_ 2 _ .
p, = Ve VVZ —4P,R; an

2R;

where V, is the open circuit voltage of the battery; R; is the internal resistance of the battery; according
to reference [25], the open circuit voltage and the internal resistance can be considered as constants
when the value of SOC is in the range of [0.2, 1], and the temperature (degree Celsius) in the range of
25 and 45. In this paper, we assume that the battery’s SOC and the temperature meet above conditions,
then, the open circuit voltage and the internal resistance is considered to be constants. P, is the output
power of battery, which can be calculated by:

1 .
Pb:ublh:Pm%+Pultxzw+Paux (12)
where P, is the motor power; 77, is the motor efficiency, which is shown in Figure 5; Py is the power
of the electrical auxiliary equipment.
Therefore, the consumption rate of the battery can be expressed as:

Ty N
L— _ESOC _ Voc — \/V&_4(W+Pgu3{)1{i (13)
dt 2R;Qo

Therefore, the consumption rate of the battery can be obtained by taking motor torque and motor
efficiency in every motor speed in to Equation (13). The result is shown in Figure 6.
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6000

Motor speed (rpm)

Figure 5. Efficiency of the ISG motor.

’ x 10
—+— Consumption rate at 1000rpm
—#— Consumption rate at 2000rpm
1.5+ —©— Consumption rate at 3000rpm
—<— Consumption rate at 4000rpm
—<¥— Consumption rate at 5000rpm
1 -
o
e
S~
o
(@]
“ 05¢
?
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—0.51
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Figure 6. The consumption rate of the battery.

As shown in Figure 6, the consumption rate of the battery can be fitted by a piecewise function
which is made up of two quadratic functions. The dividing point of the piecewise function is the zero
motor torque point, and the fitted result is shown in Figure 7, its corresponding analytic function can
be expressed as:

L { linem1 : Cyio + Cp11 T + Cp12T2  when Ty, < 0 1)

line m2 : CbZO + CbZl T + Cb22T31 when Tn >0

where Cy1; and Cpp; (i = 0,1,2) are constants.
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Figure 7. The fitted consumption rate of the battery.

4. Simplified-ECMS-Based Strategy

In the plug-in hybrid electric vehicle, the fuel energy from the ICE and the electrical energy from
the battery are used. To make these two types of energy consumption comparable, the equivalent fuel
consumption is derived from the electrical energy consumption of the battery. Then, the concept of the
ECMS is achieving the goal of minimizing the total of engine fuel consumption and the equivalent fuel
consumption for each time step.

In the plug-in hybrid system, the control variable is the ISG motor’s torque Ty, (t). The state
variable is the battery’s SOC. Based on the principle of ECMS, the mathematical problem of minimizing
the total equivalent fuel rate is formulated as follows:

J = min(iiteg) = min(riice + Mpqt)
Treq(t) = Te(t) + T (t)

SOC; = SOC,p;

Temin(t) < Te(t) < Temax(t)
Tmmin(t) < T (t) < Tmmax(t)
SOCpin < SOC < SOCax

(15)

where 771, is the total equivalent fuel rate; 11;., is the engine’s fuel rate; 111, is the equivalent fuel rate
of battery; SOC; is the SOC value at the driving end; SOCy; is the target SOC value at the driving end;
SOChax and SOCpyjp, is the upper and lower limits of the SOC, respectively.

Suppose that the equivalent factor is A, then, the consumption rate of the battery can be converted
to the equivalent fuel rate of battery by

i = 0L = { line m1 : ACpyg + ACp11 T + ACp1aT2  when Ty < 0 a8

line m2 : ACypg + ACyp1 Ty + ACypp T2, when Ty, > 0

Based on Equations (9) and (16), the total equivalent fuel rate is formulated as follows:
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(1) If Treg — Topt <, then

line €2 + line m1 : cp9 + ACy10 + (21 + ACp11) T + (c22 + JF/\CZJIZ)Tmz when maX(Treq — Temaxs Tmin) < T < Treq — Topt
line el + line m1 : cj9 + ACy19 + (c11 + ACp11) T + (c12 + ACblz)Tmz when Tyeq — Topt < Ty <0
fitgg = { lineel +linem2: 19+ ACh + (c11 + ACp21) T + (c12 + ACyp2) T® when 0 < Ty < min(Treg — Temin, Tmax) (1 7)
Lo { linem1 : ACyg+ ACy11 T + ACy12 T2 when Ty = Tyq < 0
linem2 : /\CbZO + }‘Cb2l T + )\ChZZT,%z when Tn = Trcq >0

(@) If Treg — Topt > 0, then

lin €2 + line m1 : co 4+ ACy1g + (co1 + ACp11) T + (22 + ACp12) T> When max(Treg — Temaxs Tmin) < T <0

lin €2 4 line m2 : ¢p + ACppo + (c21 + ACyp1) T + (c22 + /\Cbzz)Tmz when 0 < T, < qu — Topt
tigg = { linel +line m2: cip + ACpo0 + (c11 + ACp21) T + (€12 + ACp22) s> When Treq — Topt < T < miiny(Treq — Temin, Tmax) (18)
| linem1: ACyg + ACy1 T + ACp12 T2 when Ty = Treg < 0

linem2 : ACypg + ACpp1 T + )\Cl,zzT% when T, = Treq >0

According to Equations (17) and (18), the total equivalent fuel rate is a piecewise function,
which is composed of four continuous convex quadratic function. Based on the property of convex
function, the total equivalent fuel rate is also a convex function, therefore the minimum value of the
total equivalent fuel rate can only be obtained at points of the demarcation of the convex piecewise
function. As shown in Equations (17) and (18), the demarcation points of the piecewise function are
Ty = maX(Treq — Temax, Tmin) T = Treq - Topt/ Tyn=0,Ty= min(Treq — Temin, Tmax) and Ty, = Treq'
Thus, the optimal control variable can only be obtained from above five points. The optimal solution
can be determined by comparing the value of the total equivalent fuel rate of the five points. Based on
above conclusion, the simplified equivalent fuel consumption minimization strategy (Simplified-ECMS)
is proposed.

The concept of the Simplified-ECMS is achieving the optimal solution by comparing the total
equivalent fuel rate of above five points for each time instant, instead of comparing the values
of every step point in the control domain, which is the principle of normal ECMS. Therefore,
the Simplified-ECMS can greatly reduce the amount of calculation and shorten the time of calculation.
The procedure flow chart of the Simplified-ECMS is shown in Figure 8.

To validate the effect of the Simplified-ECMS-based strategy, three energy management strategies are
simulated under ten repeated NEDC driving cycles: CD-CS-based, ECMS-based and Simplified-ECMS-
based. The initial SOC is set 0.95, the final SOC is set 0.25. The simulation is operated on a desktop
computer with 4 gigabits of RAM and 2.3 GHz of core i3 processor. In this section, the equivalent factor is
determined by trial and error method.

The simulated SOC variation trajectories under three control strategies mentioned above are
shown in Figure 9, the figure shows that the SOC of Simplified-ECMS-based strategy and ECMS-based
strategy declines with the increasing of driving distance, and it reaches the target SOC value at
the driving end, these two SOC curves are close, which shows that the optimization effect of
Simplified-ECMS-based strategy is very close to the ECMS-based strategy.

Figure 10 is the engine working points under three control strategies. According to the figure,
most engine working points of Simplified-ECMS-based strategy coincide with the points of ECMS-based
strategy, and these two strategies” engine working points are almost in engine’s economic zone, while
CD-CS-based strategy’s engine working points are only a few parts in the economic zone.
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Figure 10. Engine working points under three strategies.

Table 2 is the engine’s fuel consumption and calculation time of three control strategies under
ten repeated NEDC driving cycles. The fuel consumption from the Simplified-ECMS-based strategy
and the ECMS-based strategy are close, but the fuel consumption of the Simplified-ECMS-based
strategy is obviously less than the consumption of the CD-CS-based strategy; the calculation time
of the Simplified-ECMS-based strategy is obviously shorter than the ECMS-based strategy, it is
close to the time of the CD-CS-based strategy, which is a real-time control strategy. Therefore,
the Simplified-ECMS-based strategy can obtain excellent fuel economy, and can obviously shorten
the calculation time. We can conclude that Simplified-ECMS-based strategy is more appropriate for
real-time control than ECMS-based strategy.

Table 2. Fuel consumption and calculation time under three control strategies.

Result CD-CS ECMS Simplified-ECMS
fuel consumption (L) 4.812 3.964 3.967
calculation time * (s) 72.88 966.89 146.44
Final SOC 0.2502 0.250 0.2501

Note: * The calculation was completed on a desktop computer with 4 gigabits of RAM and 2.3 GHz of core
i3 processor.

5. Adaptive Simplified-ECMS-Based Strategy

The key for the implementation of the Simplified-ECMS-based strategy is to find the right
equivalent factor, which is considered to be a balancer balancing electrical energy consumption and fuel
energy consumption. A large number of scholars have conducted discussions about equivalent factor.
There are mainly two kinds of equivalent factor were proposed, the fixed equivalent factor [24,26] and
the adaptive equivalent factor. The former relies on prior knowledge about the driving cycle, which
deters it from real-time implementation. The adaptive equivalent factor has fairly ideal performance.
A commonly used approach for obtaining the adaptive equivalent factor is using a feedback controller,
such as a PI controller [21,27], a fuzzy PI controller [28], a PID controller [29] and a fuzzy logic
controller [30], this method mainly based on the SOC reference, which is calculated from the predicted
driving horizon [25,31]. The parameters of the PI/PID and the law of fuzzy controller are hard to be
chosen, and the computation load of fuzzy logic controller is still heavy, therefore, above feedback
controllers are still difficult to be applied in the real vehicle. In this section, the equivalent factor
optimization model is established, then, the equivalent factor is optimized off-line by the particle swarm
optimization (PSO) genetic algorithm under different driving cycles, therefore, the best equivalent
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factor MAPs are obtained, finally, the adaptive Simplified-ECMS-based strategy is implemented based
on the equivalent factor MAPs.

5.1. Equivalent Factor

As we known, the equivalent factor can be used to adjust the electrical energy consumption and
fuel energy consumption. For example, if the SOC is high, more electrical energy is consumed by
reducing the equivalent factor, otherwise, more fuel energy is consumed by increasing the equivalent
factor. Based on knowing the preliminary change between the equivalent factor and the SOC, we can
establish an initial function, which preliminarily defines above changes, and modify it according to
different driving cycles, driving distances and initial SOC. The initial function is expressed as

A(t,SOC) = k- f(SOC) (19)

where f(SOC) is the initial function; k is the correction coefficient of the initial function. The initial
function is shown in Figure 11, as shown in the figure, the value of initial function increases with
the decreasing of SOC, and the rate of increasing is different when the SOC in different regions.
For example, when SOC is lower than 0.25, the value of the initial function increases fastest with the
decreasing of SOC, which can defer SOC further declining.

0.4

0 01 02 03 04 05 06 07 08 09 1
SOC

Figure 11. The initial function’s value versus the battery’s SOC.

5.2. Off-Line Optimization Based on PSO Algorithm

After determining the initial function, the equivalent factor entirely depends on the correction
coefficient k, therefore, the energy distribution of the engine and the battery can be dynamically
adjusted by only altering the correction coefficient k. Then, the correction coefficient k becomes a key
parameter of the adaptive Simplified-ECMS-based strategy, and the key parameter of this strategy
is optimized by PSO algorithm because its optimization is a nonlinear global optimization process,
the fitness function is expressed as

F= min{k}fot Mjce (t)dt

0.25 < SOC(t) < 0.95
Temirl(t) S Te<t) S Temax(t)
Tmmin(t) < Tm (t) < Tmmax(t)

(20)

The flow chart of k optimization is shown in Figure 12, the simulation is performed under ten
repeated NEDC driving cycles, the initial SOC is 0.95, the parameters of PSO are set: the size of particle
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swarm is 100, the maximum number of iterations is 100, the initial inertia weight 0.9, the final inertia
weight is 0.4.

The optimization result is shown in Figure 13, the optimal value of k is 4.38, and the optimal fuel
consumption is 3.945 L. Comparison results of two equivalent factor determining methods are given

in Table 3, the equivalent factor determining by PSO algorithm can saved fuel consumption by 0.55%
compared to the trial and error method.

PSO Matlab/Simulink
‘Generate particle swarm} :} Assign a value to k

A

v
Run vehicle simulation model based
on Simplified-ECMS-based strategy

‘ Update operation of Particle swarm ‘

4

Terminating
ondition satisfied?

‘ Calculate fitness function

Figure 12. The flow chart of k optimization.

~ o
ol ol w1
. . .

Fuel consumption (L)

SN

0 20 40 60 80 100
Number of iterations

w
ul

Figure 13. The optimization result.

Table 3. Comparison results of two equivalent factor determining methods.

Result Equivalent Factor Determined Equivalent Factor Determined Savi
esults by Trial and Error Method by PSO Algorithm aving
Fuel consumption (L) 3.967 3.945 0.55%
Final SOC 0.2501 0.2502 —

Equivalent factor is mainly affected by driving distance and initial SOC in certain driving cycle [32],
then, based on Equation (19), correction coefficient k is also mainly affected by the driving distance and
the initial SOC in certain driving cycle, Above k optimization is based on the given driving distance
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and initial SOC, Next, under NEDC driving cycle, the k optimization is implemented one by one
in different driving distance and initial SOC through off-line optimization, and the MAP figure of
correction coefficient k under the NEDC driving cycle, as shown in Figure 14, is obtained.

~ 150

50
SOC 10 Driving distance (km)

Figure 14. The MAP figure of correction coefficient k.

As shown in Figure 14, when the driving distance is less than the pure electric mileage, k is a
constant, and its value is minimum, the reason is that electrical energy is enough in this condition,
a small k makes driving using battery power as more as possible; when the driving distance is larger
than the pure electric mileage, k increases with the increasing driving distance in certain initial SOC,
which can blend electric energy with the trip distance adding. k reduces with the increasing initial
SOC in certain driving distance, then, the opportunity of motor participation increases under this way.

5.3. Implementation of the Adaptive Simplified-ECMS-Based Strategy

Determining the correction coefficient k in actual driving conditions is a key issue for
implementing adaptive Simplified-ECMS-based strategy. In the real-time control of PHEV, the k
could not be obtained by PSO algorithm on-line due to the great computational burden. However,
the value of k in different driving distances, initial SOC and driving cycles can be obtained by PSO
algorithm off-line, which has been done in Section 5.2. Therefore, the control flowchart of the adaptive
Simplified-ECMS-based strategy can be set in Figure 15. Firstly, the correction coefficient’s MAPs (like
Figure 14) under different driving cycles are obtained by global off-line optimizer based on the PSO
algorithm. Secondly, identify the type of the real driving cycle based on the recognition algorithm.
Thirdly, the driving distance is gained by vehicle’s navigation system. Fourthly, extract the optimal
correction coefficient k from above MAPs through the obtained type of driving cycle, the driving
distance and the initial SOC. Finally, Simplified-ECMS-based strategy is applied to distribute the engine
and motor’s torque, and out put the optimal engine and motor’s torque to vehicle power system.
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Figure 15. The flow chart of the adaptive Simplified-ECMS-based strategy.

5.4. Simulation Validation of the Adaptive Simplified-ECMS-Based Strategy

Another key business for applying the adaptive Simplified-ECMS-based strategy is driving pattern
recognition. Generally, the methods of the driving pattern or system recognition mainly include a fuzzy
logic controller [33,34], cluster analysis [35], k-means clustering method [36], support vector machine
(SVM) [37], extended support vector machine (SVM) [38], neural network [39], learning vector quantization
network [40] and genetic programming (GP) for system recognition [41,42]. In this paper, extreme learning
machine (ELM) is used for driving pattern recognition.

5.4.1. Driving Pattern Recognition Based on ELM

ELM is an easy and effective algorithm for single layer feed forward neural network, was first
introduced by Huang et al. [43]. The structure of ELM model is shown in Figure 16.

The target of driving pattern recognition is to analyze the velocity information and classify
practical driving patterns as similar standard driving cycles. Recognized driving cycles should be
included in the representative driving cycle group. Six representative standard driving cycles, shown
in Table 4 and Figure 17, were selected in this paper to cover most of the different street types and
driving behaviors. Therefore, in Figure 16, the output layer has six neurons that represent above six
typical driving cycles. The input vector of the input layer is X = [x1, x2, ... , x11], w;; is the weight
between the ith neuron of the input layer and the jth neuron of the hidden layer. To identify the
driving pattern, the eleven features were extracted from the vehicle speed during the time interval,
and the eleven neurons of the input layer matched these eleven characteristic parameters: average
speed (7), maximum speed (Umax), maximum acceleration (amax), average acceleration (), maximum
deceleration (dmax), average deceleration (d), idle time factor ; (idle time/total time), acceleration
time factor r, (acceleration time/total time), deceleration time factor r; (deceleration time/total time),
uniform time factor r. (uniform time/total time) and idle times (f;).
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Figure 16. The structure of ELM model.

Table 4. Representative standard driving cycles.

Driving Cycle Type Name Driving Cycle Number
NYCC Driving Cycle 1
Urban Road NewYorkBus Driving Cycle 2
ECE_EUDC_LOW Driving Cycle 3
Suburb Road UDDS Driving Cycle 4
. HWEFET Driving Cycle 5
Highway Road US06_HWY Driving Cycle 6
NYCC 50 NewYorkBus
=40 =
E E 40
3 30 3 30
220 220
g i AL gl b nl
To 2 0
300 600 > 300 600
Time (s) . Time (s)
(a) Urban driving cycles
ECE_EUDC_LOW UDDS
2o =
e i
> > 40
sl 8! A hiwg
3 0 < 0
2 % 400 800 12002 %0 400 800 1200
Time (s) Time (s)
(b) Suburban driving cycles
=100 HWFET —_ US06_HWY
E 80 ElZO
=< 60 =
2 40 2%
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S 0 S0
> 0 200 400 600 800 0 200 400
Time (s) Time (s)

(c) Highway driving cycles

Figure 17. Six typical driving cycles.
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The training samples can be obtained based on characteristic parameters of the six typical driving
cycles. If only the characteristic parameters of whole driving cycle are taken as training samples,
the accuracy of training and recognition is difficult to guarantee for too little sample data. Therefore,
it is preferable to divide each driving cycle into the appropriate number of 120 s overlapping shorter
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periods and then to extract their characteristic parameters. Table 5 shows the NYCC driving cycle
divided into ten time periods. Using this method, characteristic parameters of the six driving cycles in
different periods are taken as training samples.

Table 5. Recognition characteristics of the six typical driving cycles.

Driving Cycle [ Vmax Amax a dipax d T Ta rq Te f;
1 11.41 44.6 2.68 0.62 —2.64 —0.64 0.351 0.326 0.304 0.020 18
1 7.07 36.9 2.50 0.74 —2.06 —0.72 0433 0.283 0.258 0.025 5
1 22.64 42,5 2.68 0.68 —2.64 —0.63 0.033 0.442 0.483 0.042 2
1 10.23 36.1 2.24 0.62 -1.39 —-0.54 0.308 0.325 0.358 0.008 4
1 6.26 254 1.43 0.38 —1.48 —047 0.542 0.242 0.192 0.025 5
1 10.84 44.6 1.83 0.62 —249 —-090 0437 0.336 0.227 0.000 2
1 16.45 40.6 2.50 0.70 —2.06 —0.58 0.108 0.408 0.458 0.025 3
1 19.04 42,5 2.68 0.77 —2.64 —0.65 0.142 0.383 0.433 0.042 3
1 6.04 22.1 1.61 0.50 —-1.39 —-0.58 0433 0.292 0.258 0.017 5
1 8.81 33.8 1.48 0.46 —246 —0.71 0417 0.333 0.242 0.008 3

Unlike conventional neural networks whose weights need to be tuned using the backpropagation
algorithm, in ELM the weights between the input layer and the hidden layer and the biases of the
hidden layer are randomly assigned. In default, sigmoid function is chosen as the activation function.
Then, the ELM only needs to set the number of hidden layer nodes. In this work, this number is
determined through gradually increasing the number of hidden neurons from 10 to 150 in interval of
10. The accuracy of recognition against the number of hidden neurons for ELM on the test sets, which
is randomly extracted from training samples, is shown in Figure 18. It is seen that the highest accuracy
has been achieved when the number of hidden neurons is between 70 and 100. In this paper, 80 hidden
neurons are chosen to create the training model.
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=}
:
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o
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I

20

40 60 80 _ 100 120 140
The number of hidden neurons

o

Figure 18. Accuracy vs. number of hidden neurons for ELM.

5.4.2. Simulation Validation of the Adaptive Simplified-ECMS-Based Strategy

To validate the effect of the adaptive Simplified-ECMS-based strategy, the CD-CS-based and the
adaptive Simplified-ECMS-based strategy are simulated in Matlab/Simulink. The testing driving
cycle, made up of Manhattan, SC03, UDDS, Japanese1015, WVUCITY and HWEFET driving cycle,
is structured in Figure 19a. The speed profiles from 0 to 1090 s, from 1090 to 1691 s, from 1691 to 3061
s, from 3061 to 3721 s, from 3721 to 5129 s, from 5129 to 5895 s, from 5895 to 7303 s, from 7303 to
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8673 s, and from 8673 to 9763 s represent Manhattan, SC03, UDDS, Japanese1015, WVUCITY, HWFET,
WVUCITY, UDDS, and Manhattan driving cycle, respectively. The speed profiles of Manhattan, SC03,
UDDS, Japanesel015, WVUCITY and HWEFET are obtained from ADVISOR (2002, National Renewable
Energy Laboratory, Golden, CO, USA).

The ELM is used to identify the driving patterns, and the recognition result is shown in Figure 19b.
From this result and combining with the speed curve of test driving cycle, ELM can recognize the
types of the test driving cycle well. The simulation results of above strategies under the testing driving
cycle are shown in Figures 20-22, respectively.

100
90r
80f
70F
60r
50F
40f,

30

20

velocity/(km/h)

1000 2000 3000 4000 5000 5000 7000 8000 9000 10,000
Time (s) .
(a)The testing driving cycle

Type of the driving cycle

SO P, N W s~ o1 o

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000
Time (s)
(b) The recognition result

Figure 19. The testing driving cycle and recognition result.

Figure 20 is the SOC variation trajectories from the CD-CS-based and the adaptive Simplified-ECMS-
based strategy. With the CD-CS-based strategy, the vehicle is driven mainly by electricity before it is
fully depleted, so the SOC declines quickly in charge depleting stage, but the electrical energy of the
vehicle, which is using the adaptive Simplified-ECMS-based strategy, is blended over the whole driving
trip, therefore it can make the SOC dropping more slowly.



Sustainability 2018, 10, 2060 19 of 24

1 -
——— CD-CS-based
0.9r — adaptive Simplified-ECMS-based
0.8
0.7t
3
& 0.6
0.5f
0.4r

0.3r

0.2

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000
Time (S)

Figure 20. SOC variation trajectories.

The engine operating points under the test driving cycle are shown in Figure 21. It can be seen that
the adaptive Simplified-ECMS-based strategy intelligently controls engine in the low brake specific
fuel consumption (BSFC) regions for any power level. In contrast, the CD-CS-based strategy operates
the engine over a wider region. To some extent, the comparisons can prove that the proposed method
can tune equivalent factor well according to the information of driving cycle, driving distance and
initial SOC, and also can explain why the proposed method can save fuel consumption.

— \ 1
— Adaptive Simplified-ECMS-based
O CD-CS-based

[<5)

Torque of engin

m

1
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Speed of Engine (rpm)

Figure 21. Engine working points under the test driving cycle.

The fuel consumption variation trajectories from the CD-CS-based strategy and the adaptive
Simplified-ECMS-based strategy are totally different, as shown in Figure 22. With the CD-CS-based
strategy, the vehicle is driven almost completely by electricity before it is fully depleted, so the fuel
consumption in the charge depletion stage is close to zero. Engine provides the main power after
electricity is fully depleted, therefore, the fuel consumption increases rapidly after the charge depletion
stage. However, the electrical energy is blended over the whole driving event when using the adaptive
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Simplified-ECMS-based strategy. Correspondingly, the fuel consumption accumulates with the increasing of
the driving distance. The fuel consumption underthe CD-CS-based strategy is 1.874 L. The fuel consumption
under the adaptive Simplified-ECMS-based strategy is 1.566 L, this strategy do help to reduce the fuel
consumption significantly. The adaptive Simplified-ECMS-based strategy reduces the fuel consumption by
16.43% under the testing driving cycle, comparing to CD-CS-based strategy.
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181 — —— CD-CS-based e
I S Adaptive Simplified-ECMS-based s
. ’ 1.566L

) 7
= 14 /
3=] 4
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Driving distance (km)
Figure 22. Fuel consumption variation trajectories.

6. Road Test on the Prototype Vehicle

The Simplified-ECMS-based Strategy for PHEVs has been experimentally validated on a prototype
PHEV. The parameters of the prototype vehicle are shown in Table 1. The prototype vehicle is shown
in Figure 23. The vehicle’s control software is developed on the Development to Production (D2P,
DEV+PROD, Germany E.ON, Essen, Germany) and Matlab/Simulink platforms.

Figure 23. The prototype vehicle.

The results of the road test have been presented in Figure 24. The velocity curve of the vehicle
is shown in Figure 24a. The vehicle speed ranges from 0 to 61.58 km/h, the velocity of the test is
low, the reason is that the prototype PHEV can only be tested on campus, for the sake of safety,
the road test is only carried out at the low speed. The curves of five candidates’ total equivalent fuel
rate are shown in Figure 24b. The driving modes include the start control mode (driving mode is
equal to 0), the electric driving mode (driving mode is equal to 1), engine driving mode (driving
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mode is equal to 2), hybrid driving mode (driving mode is equal to 3), driving and charging mode
(driving mode is equal to 4), and the regenerative braking mode (driving mode is 0.5). al is the start
stage, so driving mode is equal to 0, the vehicle operates in the start control mode. In the a2 stage,
min(#eq (Tt ), Mteq(Tinz), Meq (T3 ), teq(Tina), eq(Tis)) = 1eq(Tys) , this means the fifth candidate
has the minimum total equivalent fuel rate. Therefore, the vehicle operates in the electric driving mode,
and driving mode is equal to 1. Other stages can be analyzed in the same way. The engine and motor’s
toque distribution during testing is shown in Figure 24c. The engine and motor’s total output torque’s
response to the require torque is shown in Figure 24d, From the figure, the total output torque of the
engine and motor tracks the require torque very well, which proves that the Simplified-ECMS-based
Strategy can be applied to real time control completely.
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Figure 24. Road test results. (a) Velocity and require torque curve of the road test; (b) the curves of five
candidates’ total equivalent fuel rate; (c) engine and motor toque distribution during testing; (d) engine
and motor’s total output torque’s response to the require torque; (e) variation of battery SOC.
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7. Conclusions

The models of the engine’s fuel rate and battery’s consumption rate are approximately fitted by
the piecewise function, which is made up of two quadratic functions. Then, the total equivalent fuel
rate can also be expressed by piecewise function, which is a convex function actually. According to the
properties of convex functions, the Simplified-ECMS-based strategy is proposed, this strategy only
needs to calculate and compare five candidates’ total equivalent fuel rate to determine the optimal
control for the Plug-in HEV.

CD-CS-based, ECMS-based and Simplified-ECMS-based strategies are simulated under ten
repeated NEDC driving cycles, simulation results show that the Simplified-ECMS-based strategy
can obtain excellent fuel economy, and shorten the calculation time obviously.

An initial function of the equivalent factor is established, then, searching the optimal equivalent
factor converts to searching the optimal correction coefficient. After that, the parameter of the
Simplified-ECMS-based strategy is optimized using the PSO algorithm, and the MAPs of this parameter
under different driving patterns, driving distances and initial SOC are obtained.

Based on above MAPs, the adaptive Simplified-ECMS-based strategy is proposed, and the simulation
is carried out to validate the control effect of this strategy. The simulation results show that the proposed
strategy reduces the fuel consumption by 16.43% under the testing driving cycle, compared to CD-CS-
based strategy.

Finally, the Simplified-ECMS-based strategy is validated on a prototype PHEV by a road test.
The test results show that the Simplified-ECMS-based strategy can effectively distribute the engine
torque and motor torque, and can be applied to real time control completely.

Currently, the adaptive Simplified-ECMS-based strategy is only verified through simulations.
The next step is to perform hardware-in-the-loop test or experimental validations.
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