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ABSTRACT Efficient energy usage of electric vehicles (EVs) is an important concern, especially in relation
to the use of battery energy. This paper presents a strategy to make the use of battery energy more economical
by employing a new modeling approach. One of the existing EV models, called the motor-vehicle model,
considers the motor and the longitudinal vehicle dynamics. In this study, the motor-vehicle model is further
simplified by ignoring the drag force, which will be referred to as the simple model. In addition, we propose
a new approach of EV modeling by including the battery dynamics into a motor-vehicle model and taking
into account the drag force. This model is named the Integrated Battery-Electric Vehicle (IBEV) model.
In order to demonstrate the usefulness of the proposed model, controllers are designed using linear quadratic
integral (LQI) control. Each controller is designed for several test cases based on a linearized integrated
model, after which specific test cases are carried out on a nonlinear IBEV model. From these models,
the energy consumption is analyzed based on several performance indices under a number of combinations of
settings, i.e. battery type (lithium-ion or lead-acid battery) and shaft model (rigid or flexible shaft). Further,
an LQI controller with a Kalman filter is designed and its performance is compared to LQI controllers with 4™
and 5™ order Luenberger observers. The simulation results shows that the use of IBEV model reduces energy
consumption compared to the use of simple model in controller design, and that the LQI controller with
Kalman filter can reduce the noise effect and is more economical than the controllers with other observers.

INDEX TERMS Electric vehicle, IBEV models, efficient energy usage, LQI control, Kalman filter.

NOMENCLATURE iti
wm  Motor angular speed Oa Shaft position
O Wheel position
T,, Motor torque i
im  Motor current ip Battery current

Vi, Battery voltage K. PWM gain

Vi.n  Motor voltage Vel 1% terminal voltage of lithium-ion

u.  Control signal battery

T,  Wheel torque Ve 274 terminal voltage of lithium-ion battery
wg  Shaft angular speed SOC,  State of charge of lithium-ion

ij  Branch current of lead-acid battery Op Electrolyte temperature of lead-acid battery
Qp Capacity of lead-acid battery EV Electric vehicle

@y  Wheel angular speed DOF  Degree of freedom

Om  Motor position IBEV  Integrated battery-electric vehicle
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WLTP Worldwide harmonized light-duty vehicle

test procedure

ECM  Electric circuit model
ENN Equivalent electric network
BEV Battery-electric vehicle

PI Proportional integrator
LQI Linear quadratic integral

SMC  Sliding mode control
MPC  Model predictive control
ARE Algebraic Riccati equation

I. INTRODUCTION

Electric vehicles (EVs) have obvious advantages with regard
to emissions and human health. A larger share of EVs in
the future will also have implications on the number of
self-driving cars, especially for road transport, relying on
cruise control technology. EVs use electrical energy stored
in batteries, in which the amount of charge is limited [1].
The entire EV paradigm puts importance on energy efficiency
strategy.

One of the energy efficiency strategies of EVs is based
on system modeling. This approach models the physical
dynamics of the EV system in the form of mathematical
equations. Researches on energy efficiency strategies based
on the system modeling approach can be classified into two
categories.

Firstly, EV models that take into account longitudinal vehi-
cle dynamics. Reference [2] presents a model of the longitu-
dinal dynamics that describes the one-dimensional motion of
a point mass, which incorporates the traction force as well as
the driving resistance forces. It includes an energy-efficient
cruise controller and the energy consumption is modeled
implicitly using a kinetic energy formulation. Reference [3]
presents an EV model based on the force analysis of the
vehicle during a trip. The energy consumption is formulated
in a complex function of the vehicle’s specifications. Ref-
erence [4] proposes an EV model based on the assumption
that its energy consumption equals the power required to
produce the tractive effort. The energy consumed is estimated
by integrating power consumption over time.

Secondly, EV models that take into account the longitu-
dinal vehicle dynamics and electric motor dynamics. Ref-
erence [S] proposes EV models with 3-DOF longitudinal
vehicle dynamics and an explicit motor model, which only
determines the effect of braking torque generated by the
in-wheel motors. The energy consumption is estimated by
the efficiency between the drive energy and the regenera-
tive energy. Reference [6] presents an EV model with basic
longitudinal dynamics, which captures the inertia dynamics
of the vehicle and the efficiency of the powertrain compo-
nents in order to be able to predict energy consumption. The
energy consumption is determined from the energy used by
the motor. Reference [7] describes an EV model based on
vehicle longitudinal dynamics, which includes the overall
moment of inertia of the power train, the engine torque, and
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the accelerator pedal position. The engine torque is calculated
by interpolation of the velocity trajectory and the driver’s
accelerator pedal position in an energy-optimal manner.

This paper presents a strategy to make the use of battery
energy more efficient for EV applications. Our contributions
are: (1) formulation of a new approach of EV modeling
that includes the battery dynamics into the motor-vehicle
model; (2) designing vehicle speed and torque controllers
using LQI control and a Kalman filter based on the pro-
posed integrated battery-electric vehicle IBEV) model; (3)
formulation of energy consumption performance indices for
EV applications; (4) demonstrating the effectiveness of the
proposed approach through a speed-control comparison study
involving several test cases, i.e. the two different models
in combination with battery used (lithium-ion or lead-acid
battery), shaft used (rigid or flexible shaft), and also the
combination of LQI controller and observer application; (5)
development an EV testbed model. The EV parameter values
are adopted from two real EVs and simulations are carried
out using a computer and an EV testbed platform based
on hardware-in-the-loop (HILS) simulations. Energy perfor-
mance is evaluated using three vehicle speed profiles, i.e.
acceleration from standstill to constant speed, New European
Driving Cycle (NEDC), and worldwide harmonized light-
duty vehicle test procedure (WLTP).

This paper is organized as follows: the introduction is in
Section I, an overview of the EV subsystem is described
in Section II. This is followed by an explanation of battery
electric-vehicle (BEV) modeling in Section III, and EV con-
trol applications in Section I'V. The simulation and discussion
are presented in Section V. The paper is closed by some
concluding remarks in Section VI.

Il. OVERVIEW OF EV SUBSYSTEMS

A dynamical model of an EV system generally consists of
battery, electric motor, gear train, and longitudinal vehicle
dynamics, which together are called the powertrain sys-
tem [8]. In this section, the dynamics of these subsystems are
overviewed; more details can be found in Appendix A and the
corresponding references.

In this work, two types of batteries are used, i.e. lithium-
ion batteries and lead-acid batteries. The lithium-ion battery
circuit can be represented in an electric circuit model (ECM),
namely the Thevenin circuit model, which consists of resis-
tors and capacitors [9], [10], as shown in Fig. 1a. Based on
Kirchhoff’s law, the battery voltage equation can be written
as follows:

Vp (1) = —Ryip (1) — Vo1 (1) — V()
+2a1S0C,(t) + Qay + 2ag) (1)

with Ry is the inner resistance, a; is the battery voltage when
the state of charge (SOC) is 100%, and aq is the battery
voltage when the SOC is 0%.

A series of lead-acid batteries can be described in an
equivalent electric network (EEN), as shown in Fig. 1b.

VOLUME 7, 2019



R. Ristiana et al.: New Approach of EV Modeling and Its Control Applications to Reduce Energy Consumption

IEEE Access

—‘—;-_
Tc‘J fc_

__I'C'C I_’:‘
l'b

(a) Lithium-ion battery [9]

C
— & Ro 1
a'.mb'—v-|:.l.l:,.l'_ ‘-*‘i"p AR *
Enyuer ! & Ve

(b) Lead-acid battery [11]

FIGURE 1. Battery electric circuit

It consists of extracted charge, electrolyte temperature, and
parasitic reaction branches (V},) [11]. For the discharge pro-
cess, the parasitic reaction branches can be ignored. Assum-
ing that i,,, = —ij, the battery voltage can be written as:

Vb (1) = Empo — Rooip (t) + (273k1 + k16 (1) — kaiq (2)
+k3ip() Op (1) (2)

where E,,p0 is open circuit voltage at SOC = 100%, and Rgo
is the value of Ry at SOC = 100%. Referring to [12] and [13],
ki, ko, k3 are suitable constants.

In this work, a BLDC motor is used. The BLDC motor has
three stator coils in a Y connected rotor and three perma-
nent magnets. The induction current and the magnetic field
harmonics are ignored. The equivalent equation of the motor
current can be written as [14], [15]:

dip(t) ke R Vin ()
= ——wp(t) — —in (t 3
d mem( ) L, im (1) + L, 3)
The developed motor torque can be written as:
Tn(t) = kyip (1) “

with i,,(¢) and V), (¢) representing motor current and motor
voltage, respectively. w,(t) is motor speed, L, = 2(L — M)
is the equivalent self-inductance, M = —% is the mutual
inductance of phase, and L is the self-inductance of phase.
The equivalent resistance is R,, = 2R, where R is the resis-
tance of phase, k. is the back-emf coefficient, and k; is the
torque coefficient [14], [15].

The gear train subsystem is commonly used to magnify the
torque that is transferred from the motor to the wheels. Here,
the gear train is described based on two different assumptions,
i.e. rigid shaft and flexible shaft. The gear train subsystem
circuit with rigid shaft assumption is illustrated in Fig. 2a.
It is viewed from the side of shaft 1 (electric motor). The
following motor speed equation is obtained [16]:

dw,(t) 1

beg n
= —Tn{t) — —wn () — —T,(@1) (5)

di o Jeg Jeg
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FIGURE 2. Gear train diagram.

with J,, is the equivalent moment inertia, b, is the equivalent
viscous friction coefficient, and # is the gear ratio.

The flexible shaft of the gear train circuit is illustrated
in Fig. 2b. Itis viewed from the side of shaft 1 (electric motor).
The following motor speed equation is obtained [17]:

dwy(t) 1
- = 1) — t 1
dr Jf Ty (1) C’)m()‘i‘ nglw aq (1)
tkps
- .9m(t)+ 7 Ba(t)  (6)
nglf1 nglf1

The final drive’s speed is:

dwg(t b bgs kas kas
dod) _ D, 1) + —ww OF —9 (1) + —9 (1)

dt st

@)

The wheel’s speed is:
dawy, (t) bfZ basty kasry
e t) — O, (1

o I wy (1) + wq (1) T w (7)

LR o 4T ®
Jr2
where k,; and k4 are the propeller position and the final drive
position coefficients respectively. Jr1, Jr2, br1, and by), are
suitable constants.

Vehicles mostly make longitudinal movements in carrying
out their maneuvers, so that the longitudinal vehicle motion
consumes most of the energy compared to the other move-
ments of the vehicle. Therefore, this work only takes longitu-
dinal vehicle motion into account in the modeling.

Our vehicle model is a model of a four-wheel EV, where
the mass and tire friction are the same for all four wheels.
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The wheel torque is given as follows [8], [18], [19]:

T (1) = Jrop 22
w — Jrot dl

—n’K, rfva),z,l

. kik
—myryg | sin @ — Cgycos 6 — 3 O]

with Jyo, K4, 1y, my, g, Crx, 0, ki, and R are suitable
constants.

lll. BEV MODELING

One of the existing EV models is a model that considers
the motor and the longitudinal vehicle dynamics (including
drag force), the so-called motor-vehicle model. In this study,
this model is further simplified by ignoring the drag force,
which will be referred to as the simple model. In addition,
we propose a new approach of EV modeling that includes
the battery dynamics into a motor-vehicle model and taking
into account the drag force. The model is called the Integrated
Battery-Electric Vehicle IBEV) model. Fig. 3 illustrates the
BEV modeling scheme, where the motor-vehicle model is
described in the blue block while the IBEV model is in the
red block.

To study energy consumption through modeling, several
EV models are derived with a rigid shaft, with a flexible
shaft, without battery, with lithium-ion battery, and with lead-
acid battery. These two battery types are chosen because
they are widely used batteries. In order to demonstrate the
effectiveness of the proposed IBEV model, several speed
controllers are also designed. Using the same model, torque
control is designed as well. To this aim, we classified
the EV models into 6 EV models for speed control mode
and 6 EV models for torque control mode, as summarized
in Table 1.

Generally, a model is a conceptual representation of a real
system in the form of mathematical equations. In the follow-
ing, the mathematical equations for the simple model with
rigid shaft, the simple model with flexible shaft, the IBEV
model using a lithium-ion battery and a rigid shaft, the IBEV
model using a lithium-ion battery and a flexible shaft,
the IBEV model using a lead-acid battery and a rigid shaft,
and the IBEV model using a lead-acid battery and a flexible
shaft are presented. The details of the suitable constants and
state equations can be found in Appendix A and Appendix B,
respectively.

141212

TABLE 1. BEV model variations.

Gear Battery Type
train No Battery Lithium-ion Lead-acid
Rigid SMK-1, SMT-1 | IMK-1, IMK-2,
shaft IMT-1 IMT-2
Flexible | SMK-2, SMT-2 | IMK-3, IMK-4,
shaft IMT-3 IMT-4
Simple Model IBEV Model

Note: SMK: simple model for speed control, SMT: simple model for torque
control, IMK: IBEV model for speed control, IMT: IBEV model for torque
control.

A. SIMPLE MODEL

The simple models are derived using the motor current and
torque equations in (3) and (4), the motor speed equation
in (5) for the rigid shaft models or the motor speed equations
in (6) to (8) for the flexible shaft models, and the wheel torque
equation in (9). The motor speed, w;,(t), is used as output
for the vehicle speed control, while the motor torque, T;,(¢),
is used as output for the torque control. The motor voltage
Vi (¢) is selected as the control input u.(#) of the EV model.
Therefore, the general simple model can be expressed in a
state space equation as follows:

Xs(t) = Agxs(t) + Bsu(t) + Hydp
Ys(1) = Csxs(t) (10)

where C; is a suitable matrix that is dependent upon the
output, either motor speed or motor torque.

1) SIMPLE MODEL WITH RIGID SHAFT
The differential equation of the simple model with rigid shaft
refers to the motor current, the motor speed with rigid shaft
and the longitudinal vehicle equation.

The state variables are:

Xy = Xg = [xal va]T (11)

with x,41 () = W, (1), and x5 (1) = i, (2).
Based on (10) and (11), the state matrices are:

Aall Aaql2
AS = As’r = )
aa21 aag22

B, =By, =[0 b],

andH, = H,, =[1 0] (12)
where
beqrw k[ k
gl = ——— = apl = ——
all ngot al2 ant a2l Lm
Ry b 1
Ay = —— = —.
a22 L, 2 L,
k
d; = _Iv8Tw (sin 0+ Cgrycos 9+Lk)
tot R

beg, Yy, Jtot> ke Ly, Ry, Lin, my, 8, CRy, kg and R are suitable
constants.
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Based on (10) and (11), for simple model with rigid shaft,
the output matrices are:

Cs=Csw,r=[1 0],
Cs = CsT,r = [O kt] (13)

Csw.r 1s the output matrix with the motor speed as output
variable. C,r,, is the output matrix with the motor torque
as output variable. The simple model with rigid shaft for the
motor speed control is called the SMK-1 model, whereas the
simple model with rigid shaft for the motor torque control is
called the SMT-1 model (see Table 1).

2) SIMPLE MODEL WITH FLEXIBLE SHAFT
The differential equations of the simple model with flexible
shaft covers the motor current, the motor speed with the
flexible shaft, and the longitudinal vehicle equations.

The state variables are:

w] (14)

% = [Xa
which x,(¢) as in (11),

T
xp=[x1 w2 w3 x4 xs| o,

with xp1(1) = wq(t), xp2(t) = @u(t), xp3(t) = Op(2),
Xpa(t) = 04(t), and xp5(1) = 6,,(2).

Based on (10) and (14), for the simple model with flexible
shaft, the state matrices are:

_ | Abst A
As = Aps = |:Abs3 Apss |’

By =B, = [Bar} ,

and Hy = Hyy = [H}

0
where Ay, = | 11 ab12:|’
L ap21  ap2
Apr — [apis 0 apis  ape O
=1lo o o0 0 of
[0 0
0  apar
Apsz = | 1 0 .
0 0
(0 o0
a3z apza 0 apze  ap3y
apss  apas 0 apse  apar
A = | 0 0 0 0 0 |, as
1 0 0 0 0
0o 1 0 0 0
By, and H; , as in (12), with
apl1 = i p12 = L _ 1ubps
Ir1 J nglf1
kps ny k,
apls = — aple = ap] = ——
ngJri ngJf1 Ly,
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a Ry, a bdx a bdx
b22 = — 5 b33 = — b34 = ——
Lm Jd_y J, ds
ap36 de ap3 de ap4a2 kl
= —— 7= — = —
Jds Jds n‘lf2
bysry, bf 2 kastw
aps3 = apas = ——=—  apse =
Jr2 Jr2 Jr2
Apas = kastyw
Jr2

br1, bra, bps, bas, Jr1, Jr2, Jds, kps, kdas, ny, and ng are
suitable constants.

Based on (10) and (11), for the simple model with flexible
shaft, the output matrices are:

Cs = Csw,f = [Csw,r
Cs = CsT,f = [CST,r

O1xs ] >
015 ] (16)

with Cyy, and Csr, as in (13). Cy,y and Csr g are the
output matrices for motor speed or motor torque as the output,
respectively. The simple model with flexible shaft with motor
speed control is called the SMK-2 model, whereas the simple
model with flexible shaft with motor torque control is called
the SMT-2 model (see Table 1).

B. IBEV MODEL

The IBEV models are obtained by incorporating the battery
model in Equation (1) for the lithium-ion battery and in
Equation (2) for the lead-acid battery together with its corre-
sponding dynamical equations as given in the Appendix into
the simple model described in the previous section.

The IBEV models have the nonlinear state space equa-
tion in which Fy (x, (1)) includes drag force and G, (x (1))
includes the product of battery voltage V}, and motor voltage
V. Note that V}, depends on the battery type. It is assumed
that the battery current is equal to the motor current, i.e.

ip(t) = ip(1) a7

The control variable is included in the motor voltage as
(see Fig.3),

Vin(t) = K Vp(Due(r) (18)

The EV models for motor speed or motor torque control have
the same state space equations but a different output matrix.
The general equation of the IBEV model is given by:

Xg(1) = Fg (xg (1)) + Gg (xg (1)) uc(t) + Hody
Vg(t) = Cgxy(2) (19)

1) IBEV MODEL WITH RIGID SHAFT
The state space equation of the IBEV model with rigid shaft
covers the battery variables, the motor current, and the motor
speed.

The state variables are:

Xer =[x x] (20)
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with x,(¢) as in (11), and x. are the battery variables. The
battery variables for lithium-ion x. ;,, can be written as

Xc,ion = [Vcl(t)

Meanwhile, the battery variable for lead-acid x, 4z can be
written as

Va()  S0C, 0]

Xeacid = [6(1)  Op(0) 0]

Based on (19) and (20), for the IBEV model with rigid shaft,
the matrix functions are:

A; 0
Fg — Fg,r — |: ir,NL :| ,

Acl Ac2
BiNL

o=, = [ %1
H; dr

H, = Hy , = [ch} and d, = [dg]. (21)

with
AinL = Aall + dalINL ~ Qal2
" aa1 am |’
where aq1inL = —Karpx2,/2Jior, Gal1s Ga12, Ga21, da22, d as

in (12), and Ky is a suitable constant.

Ac, A2, BinL, Hir, and H, matrices are dependent upon
the battery type as below.

Lithium-ion battery:

0 dcl,ion
Ag = Acl,ion =0 ac2ion | »
_0 Ac3,ion
Acd ion 0 0
A = Aion = 0 acsion 0 |,
L 0 0 0
0 0
BinL = BiNL,ion = [szL , } » Hip = Hjy jon = [1:| ,
Jion
T
0 0 O
Hc = Hc,ion = [0 0 O:I (22)
with
1 1 1
dclion = C_tl ac2 ion = C_tz ac3ion = _E
1 1
Aac4 j, = — Ars iy — ———————
c4,ion R,.Ci c5,ion R>Cr

baNL_ion = be2o + be21Xa2 + beaXet ion
+ b623xc2,ian + b024x03,i0n

b — 2ag + 2a1)K. _ _RdKC
20 = Lm 21 = Lm
KC c 2a1KC
b =—— ) =—— ) =
c22 Lo 23 L c24 L

Ci1, Cr2, On, Ri1, Rin, ap, a1, and Ry, are suitable constants.
Lead-acid battery:

0 acinL,acid
Actacia = | 0 ac2,acia |
0 Ac3NL,acid

141214

Acd,acid 0 0
AcZ, acid = 0 0 0 s
0 Ac5NL,acid 0

0
Bir NL = Bir NL,acid = |:b2NL nE
,acl

0 O
Hir = iy gcid = |:1 0] s

T
0O 0 O
HC = Hc,acia’ = |:0 1 0 (23)
with
Roo
2
Ac1NL,acid = C_bxal(t) Aac2,acid = 1
6
4 Xp2 4 1
3NL,acid — 7 4,acid = 5 5
e ksxcacia CopRop
Xb5
Ac5NL,acid = m
c2,aci

boNL_acid = ba20 + ba21xa2 + (ba2a + baraxet acid
+ banaxaz + barsxes acid ) Xe2,acid -

Enpo K, RooK.
baro = bix1 = — 3
m m
L 23k  kiKe
a2 = —— 423 = -
kK, koK, Oub
bara = C bgys = ——— dp = —
L Ly RopCop

Ro2, Rop, Roo, Cop, k1, k2, k3, ks, E,po, and 6, are suitable
constants.

Based on (19) and (20), for the IBEV model with rigid
shaft, the output matrix is one of the following:

Cowriion = [ Cowr 0],

Cetrion = [Csr.r 0],
Cowr.acid = [ Cswr 0],

Cetracia = [ Csrr 0] (24)

with Cgyr jon and Cgryion are the output matrices of the
models with lithium-ion battery for motor speed and motor
torque control, respectively. Ceyr acia and Cefy acia are the
output matrices of the models with lead-acid battery for motor
speed and motor torque control, respectively.

The IBEV model with rigid shaft and lithium-ion battery
for motor speed control is called the IMK-1 model and for
motor torque control is called the IMT-1 model. Meanwhile,
the IBEV model with rigid shaft and lead-acid battery for
motor speed control is called the IMK-2 and for motor torque
control is called the IMT-2 model (see Table 1).

2) IBEV MODEL WITH FLEXIBLE SHAFT
The state space equation of the IBEV model with flexible
shaft covers the battery variables, the motor current, the motor
speed, and shaft variables.

The state variables are:

Xof = [xa Xp X ]T (25)
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with x,(¢) as in (11), xp as in (14), and x. as in (20).
Based on (19) and (25), the matrix functions are:

_ | Apine O
Fg N ngf N |: Act A

ngHgfz[ Olf], anddg=[jﬂ (26)
with
Apint, = Apil Api2
; Api3  Abia NL

Apil, Apil, and Ap;1 are the same as simple model in (15), A.1,
A, and B; yr, as in (21) and (22).

ap33 ap34 0 apze ap37
aps3  apas+apsaane 0 apse  apar
Apane =] O 0 0 0 0 |,
1 0 0 0 0
0 1 0 0 0
with apqanr, = —Kdrfvxlfz/Zsz.

and

g0 1 00 0 0 0]
o o 0 0 0 0 O

Based on (19) and (25), for the IBEV model with flexible
shaft, the output matrix is one of the following:

gwf ion [ Cyw S 0] s
ng}‘ ion [ sT.f 0] s
ngf acid = [ sw.f O] s

Cng,acld = [CST,f 0] 27

with Cgyf ion, and Cgyr jon are the output matrices of the
models with lithium-ion battery for motor speed and motor
torque control, respectively. Cgyf acia and Cgrf acia are the
output matrices of the models with lead-acid battery for motor
speed and motor torque control, respectively.

The IBEV model with flexible shaft and lithium-ion battery
for motor speed control is called IMK-3 model and for the
motor torque control is called IMT-3 model. Meanwhile,
the IBEV model with flexible shaft and lead-acid battery for
motor speed control is called IMK-4 and for the motor torque
control is called IMT-4 model (see Table 1).

IV. BEV CONTROL APPLICATIONS

In order to see the energy saving effectiveness, controllers are
designed using the models derived in Section III. Reference
[20] presents the design of the controllers using PI and LQI
control. Both controllers are selected because each one has an
integrator to achieve zero steady-state error. The simulation
results showed that using an LQI controller consumes less
energy than using an PI controller. Reference [21] presents
a comparison between the PI controller and a sliding mode
controller (SMC). LQI and model predictive control (MPC)
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are also compared therein. All of the control designs were
built for use with the simple model and the IBEV model.

Based on the application of the controllers in [20] and
[21], it is found that the LQI controller is the most ben-
eficial in terms of energy consumption among these con-
trollers, including MPC. Although LQI and MPC are both
optimal controllers, the performance index of LQI includes
the product of the state variables and inputs, which reflects the
energy formulations. Moreover, the computation cost of an
LQI controller is much lower than that of an MPC controller.
Therefore, the control system used in this work was an LQI
controller.

For the case of the IBEV models that are nonlinear, a lin-
earization model was carried out when designing the con-
trollers. Ignoring dy, and dp, , the linearized model of (19) can
be written as follows:

Ayxy(t) + Byuc(t)
Cyxy(1) (28)

J.Cv(t) =
yv(t) =

with A,, By, C, are suitable matrices and x,(¢), y,(¢) are
the state and the output variables of the linearized model,
respectively.

Referring to [22], the LQI control is formulated with the
following set-point tracking r (¢):

xi(#) = r (1) — Cyxy(1) (29)
Using (28) and (29), the augmented system can be written as:
X(1) = Azx (1) + Boue(r) + Gor () (30)

with
| Ay 0
=% o) =

T
andx;(1) = [x,(0)  x(0)] .
The optimal full state feedback control is:

Ue (1) = —Kox (1) (3D

Il
—
Sk
L
Q

ol

Il
—
—_ O
—

with K, = —RZ_IBZTPZ, which minimizes the following per-
formance index:

J= / Oo(xz )T Qo (1) + ue (1) Rouc(t)dr  (32)
0

where the weighting matrices R, > 0 and Q, > 0.P, matrix
is obtained by solving the ARE as follows:

Q. +A'P, + PA,— P.B.R.'B'P, =0 (33)

Reference [23] designed the LQI controller with a 4™ order
and a 5" order Luenberger observer using the IBEV model,
but both observers were not able to solve the problem of
the noise effect on the system and its controller. Therefore,
the application of the LQI controller with a Kalman filter is
considered in this work. The diagram of the LQI controller
with Kalman filter is depicted in Fig. 4.
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FIGURE 4. The LQI controller with Kalman filter.

Referring to [24], the formulation of the Kalman filter can
be stated as follows. The system plant of (30) with distur-
bances can be written as follows:

Xp(t) = Ayxy(t) + Byue(t) + B,yw(t)

yu(#) = Cpxy(t) + (1) (34)
Process and measurement disturbances w(t) and v(t) are
assumed scalars and zero mean Gaussian white noise, with
covariances R,,, and R,,. Given all measurements y,(z),
the problem of optimal Kalman estimation can be formulated

as finding the estimate %, (), which minimizes the mean
square error or error variance:

Po = E{[x, (1) = & (1) lx, (1) — £ (01"} (35)

The form of the optimal estimator is obtained as:

R = AR(0) + Bt + Lig (v — 1) (36)
The stationary Kalman gain is given by:
Ly = P.C[R;} (37

with P, is solution of the following ARE:
0=A,P, + PAl + B,R,,,B, — P.CIR,'C,P, (38)

If the estimator (36) is stable and the noise covariances R,,,,,
and R,, are constants, then the Kalman gain converges to a
constant and P, satisfies (38).

V. SIMULATION AND DISCUSSION

The simulation is aimed to observe the response characteris-
tics of the system and to study the application schemes that
have highest potential to reduce EV energy consumption.

A. ANALYSIS OF ENERGY CONSUMPTION BASED ON THE
MODEL

In this subsection we present the numerical parameters of
the EV models as listed in Table 1, validate the closed loop
system and then analyze the energy consumption. To support
the testing of the model and to be able to present the system
of a real EV [27], this work used the parameters of the
Molina ITB model-3 as in [20], [23], [25], and [26]. Based on
type of the battery used, there are two types of Molina ITB
model-3. The first vehicle type uses three serially installed
100 Ah /24V lithium-ion batteries (Fig. 5a), and the second
vehicle type uses six serially installed 100 Ah/12V lead-acid
batteries (Fig. Sb).
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(a) EV with lithium-ion [25, ] (b) EV with lead-acid [6 ]

FIGURE 5. Molina ITB model-3.

1) EV NUMERICAL PARAMETERS

This subsection presents the matrix values of the state-space
equation and the output equation of each linear EV model.
Six sets of A and B matrices are presented for six linear EV
models, i.e. the simple model with rigid shaft, the simple
model with flexible shaft, the linearized IBEV model with
lithium-ion battery and rigid shaft, the linearized IBEV model
with lead-acid battery and rigid shaft, the linearized IBEV
model with lithium-ion battery and flexible shaft, and the
linearized IBEV model with lead-acid battery and flexible
shaft. For controller design preparation, the C matrix for the
output equation of each linear EV model is also presented.
Notice that each linear EV model has two C matrices. They
are for vehicle speed control and torque control.

a: SIMPLE MODEL WITH RIGID SHAFT
Based on (12) and (13), the following matrices are given:

—-19.82  8.34 0
Asr = [ -3.76 —3.65} » Bor= [905.9}
SMK-1: gy =[1 0]
SMT-1: Cyr,7 = [0 0.078 ]

b: SIMPLE MODEL WITH FLEXIBLE SHAFT
Based on (15) and (16), the following matrices are given:

4 _[—1595 2182
BE=1 -376  —3.65]"
A, — [807 0 —8.58x107>  2.02x10* 0
bs2— i 0 0 0 0 O k)
C0 0
0 —4.64x1072
Apz3 = | 1 0 ,
0 0
0 0
Apsa
—5.98x1073 —5.98x1073 0 —1.49x10~* —1.49x10~4
3.40x107° —0.98 0 850x10~° —8.50x107>
= 0 0 0 0 0
1 0 0 0 0
0 1 0 0 0
Byy=[0 2941 0 0 0 0 o],
SMK-2: C¢w=[1 0 0 0 0 0 0],
SMT-2: Cyy 7 =[0 0078 0 0 0 0 0]
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c: LINEARIZED IBEV MODEL WITH RIGID SHAFT

& LITHIUM-ION BATTERY

For an input signal of 24 volt, the operating point is obtained
at: [a)m im Ve Voo SOC, ]

in [ 1720 148 0.15 0.15 99.96 ], and based on (21), (22)
and (24) the linearized matrices are as follows:

(0401 1604
AirNLion =| _0 019 _3.941 |’
Aclion = [ 0 0 Y
cl,ion = __0'25 —0.25 —0.023

[0 294.1
AcZ,ion =10 294.1 1,

| 0 294.1

[ —0.291 0 0
A3 ion = 0 —0.291 0

Buion=[0 0802 0 0 0]

IMK-1: Cyrionw=[152 0 0 0 0],
IMT-1: Cyrjon.t =[0 2941 0 0 0],

d: LINEARIZED IBEV MODEL WITH RIGID SHAFT

& LEAD-ACID BATTERY

For an input signal of 24 volt, the operating point is obtained
at: o, im 6 Op ) ],

in [1720 148 4824 741 4], and based on (21),
(23) and (24) the linearized matrices are as follows:
A, [ -039 1604
irNLacid = 0,019  —10.71 |’
. [0 0 0
chacd =1 827x10™*  —0.016  0.0012
[0 19.61
Ac2,acid =0 294.1 s
|0 —0.29
—0.33 —4.73x107% 0
Ac3,acia’ = 0 0 0
| 6.67x107°  —3.36x107*  —9.81x107*
Buraia =[0 0817 0 0 0]
IMK-2: Cyy geiaw =[1.52 0 0 0 0],
IMT-2: Cyraciar =[0 2941 0 0 O]

e: LINEARIZED IBEV MODEL WITH FLEXIBLE SHAFT

& LITHIUM-ION BATTERY

For an input signal of 24 volt, the operating point is obtained
at [wm im @4 ©w On 04 6y Ver Vo SOC, ], in [1751
148 110 110 1740 990 993 0.12 0.12 99.93], and based on
(26) and (27) the linearized matrices are as follows:

A [1595 3182

il =1 2581 —3.94 |

Ao — [3018 0 —2.99x107 0 0
=1 0 o0 0 0 0
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0 0
0 1604
Apiz = | 2016 0 ,
0 0
0 0
—30.18 0.17 0 —1x107 0
30.18 —0.98 0 0 —1x1073
Apis = 0 0 0 0 0 s
7544 0 0 0 0
L0 043 0 0 0

Byion=[0 1 0 0 0 0o 0],

IMK-3: Cyfionw=1[2016 0 0 0 0
IMT-3: Coion 7 =[0 2941 0 0 0

f: LINEARIZED IBEV MODEL WITH FLEXIBLE SHAFT

& LEAD-ACID BATTERY

For an input signal of 24 volt, the operating point is obtained
at [wm im @a @y On 64 Oy O Qp i1], in [1751 148
110 110 1740 990 993 4824 741 4], and based on (26),
and (27) the linearized matrices are as follows:

Ao — | 71995 3182
PINL =1 _258.1  —10.71 |’
Ao — [ 3018 0 —299%x107 0 0
=10 o 0 0 0
0 0
0 1604
Aps = | 2016 0 |,
0 0
| 0 0
—30.18 0.17 0 —1x107° 0
30.18 —0.98 0 0 —1x107?
Apia = 0 0 0 0 0 s
7544 0 0 0 0
0 043 0 0 0
Buaia =[0 0917 0 0 0 0 0],
IMK-4: Cyf geid w =[2016 0 0 0 0 0 0],
IMT-4: Cyf geia T =10 2941 0 0 0 O O],

2) CONTROLLER IMPLEMENTATION
The LQI controllers are designed using the models obtained
in the previous section. Each controller is then applied to
the nonlinear IBEV model. Due to limited space, only speed
control is presented. However, torque control can be done by
the same method. This section compares six speed controller
test cases executed by means of computer simulations and an
EV testbed platform based on hardware-in-the-loop simula-
tions (HILS) [21], as shown in Fig. 6.

In order to make a fair comparison between the test cases,
each controller is designed in such a way that they provide the
similar vehicle speed time response, as can be seen in Fig. 7a.
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"

:

FIGURE 6. EV testbed platform [21].

The similar time response is obtained by selecting appropri-
ate weighting matrices Q. and R,. Based on (26) to (27),
the weighting matrix values of all speed controllers (SMK-1,
SMK-2, IMK-1, IMK-2, IMK-3, IMK-4) are:

SMK-1: Simple model with rigid shaft

For weighting matrix R, = 1000, and

1 0 O
o.,=(0 1 0],
0 0 1
is given by gain at
K, = [0.008 0.022 —0.032] .

SMK-2: Simple model with flexible shaft
For weighting matrix R, = 1000, and

| Iix1 O
O = [01X7 100]’
is given by gain at
K. = [0.68 0.16 0.33 0.15 0.03 0.04 0.03 —490].

IMK-1: IBEV model with rigid shaft & lithium ion

For weighting matrix R, = 0.1, and
0. = [Isx¢], is given by gain at

K, = [3.30 18.86 0.11 0.11 3.16 —0.03].
IMK-3: IBEV model with flexible shaft & lithium ion
For weighting matrix R, = 10, and
| hoxio  O1ox1
Q: = |:01><10 10 }
is given by gain at
K, = [Kzl Kzz]
K; = [0.06 0.02 0.02 0.003 0.003 0.003]
K, = [ 1.12 0.09 0.009 0.11 —0.69]
IMK-2: IBEV model with rigid shaft & lead acid
For weighting matrix R; = 10, and
_ 0.15x5 Os5x1
Q: = [ 01x5 10 } ’
is given by gain at
K, = [0.97 4.85 0.001 0.005 0.001 —0.98] .
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IMK-4: IBEV model with flexible shaft & lead acid
For weighting matrix R; = 100, and

0. = Loxio  O1ox1

© [0ixio 10 |7
is given by gain at

K.=[Ka Kz]
K, = [0.68 0.012 0.002 0.02 0.03 0.002]
Ko = [0.16 0.002 0.05 0.03 —1.98].

The scenario is to accelerate the vehicle on a flat surface
driving profile from standstill condition to constant speed at
60 km/hour for 15 seconds, as shown in Fig. 7a. The vehicle
speed shows similar transient response for all models. The
motor speed response reaches about 3000 rpm, as shown
in Fig. 7b. The motor speed has a settling time of about
4 seconds for SMK-1 and IMK-1, 3 seconds for IMK-2, and
2 seconds for SMK-2, IMK-3 and IMK-4.

The motor current responses are shown in Fig.7d.
The models with flexible shaft, i.e. SMK-2, IMK-3 and
IMK-4 have better responses in reaching steady state than the
models with rigid shaft, i.e. SMK-1, IMK-1, and IMK-2. The
models with rigid shaft have about 2 seconds of overshoot.
This means that the models with a flexible shaft can reduce
overshoot in the motor current response.

The response of the batteries can be seen in Figs. 7e and 7f.
In Fig. 7e, it can be seen that the battery’s SOC decreases
slower for the IMK-1 and IMK-3 models than for the other
models. The battery SOC of IMK-2 and IMK-4 models
decreases about 10% faster than that of the IMK-1 and
IMK-3 models. Fig. 7f shows that the battery voltage has the
same time response for IMK-1 and the IMK-3. The same
is the case for IMK-2 and the IMK-4. The above battery
responses illustrate the energy consumption described below.

3) ANALYSIS OF ENERGY CONSUMPTION
The energy consumption is calculated using a computer
simulation. Besides the driving profile of acceleration on
a flat surface described in the previous subsection, 2 other
driving profiles are also simulated, i.e. NEDC and WLTP.
For comparison, each controller is operated under the same
environmental conditions and driving profile.

The energy consumption is calculated using the following
performance indices.

« Control energy:
o0
Ei (1) = / Vin(t)2dt or
0

(0.¢]
Ji = / uldt (39)
0

o Mechanical energy:
o
E, (1) = / T (1), (t)dt or
OOO
Jr Zf XaaXq1dt (40)
0
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FIGURE 7. Comparison of EV model responses using LQI controllers. SMK1: Simple model (rigid shaft), SMK2: Simple model (flexible
shaft), IMK1: Integrated model (rigid shaft-lithium), IMK2: Integrated model (rigid shaft-lead acid), IMK3: Integrated model (flexible
shaft-lithium), IMK4: Integrated model (flexible shaft-lead acid).

o o0
+ Electrical energy: « Battery energy E4 (t) = [ Vi()im(t)dt or
0
o
E; (1) = / Vi ()i (t)dt or Lithium-ion:
Ooo -
J3 = / UcXgodt. 41) J4.ion = / (SOC,, — Vo1 — Vo — xp0) xa0dt
0 0
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FIGURE 8. EV LQI with observer design response Case-1: LQI controller, Case-2: LQI controller with observer order 4, Case-3: LQI
controller with observer order 5, Case-4: LQI controller with Kalman filter.

Lead-acid:

o
J4,acia = / (Qp + OpOp — Opit + OpXa2 — Xa2) Xg2dt
0
(42b)

Table 2 lists the values of the energy performance indices
for the three driving profiles. By observing the individual
values and comparing each value to the others, we can see
the following three relationships. Firstly, the models using a
flexible shaft (SMK2, IMK-3, IMK-4) consumes less energy
than the corresponding models that use a rigid shaft (SMK-1,
IMK-1, IMK-2). For SMK-2 (flexile shaft) energy consump-
tion is lower than for SMK-1 (rigid shaft) by about 9.2% (J1),
9.6% (J2), 9.5% (J3) and 9.8% (J4). For the flexible shaft
models (IMK-3, IMK-4) it is lower than for the rigid shaft
models (IMK-1, IMK2) by about 8.13% (J1), 8.22% (J2),
8.13% (J3), and 8.11% (J4).

However, further evaluation reveals that the difference in
energy consumption between the models using a flexible
shaft and a rigid shaft is less than 10%. Thus, the model using
arigid shaft can still represent the EV dynamics, whose math-
ematical equation is simpler than that of the corresponding
model using a flexible shaft.

Secondly, the model using a lithium-ion battery (IMK-1,
IMK-3) is more energy efficient than the correspond-
ing model that uses a lead-acid battery (IMK-2, IMK-4).
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Referring to Fig. 7d, it can be seen that the motor current of
(IMK-2, IMK-4) has a better transient response than (IMK-1,
IMK-3), while (IMK-1, IMK-3) has an overshoot that is
still below the maximum limit of the motor current. Let us
associate these results with Fig. 7e for the driving profile
of acceleration on a flat surface. Notice that the SOC of the
lithium-ion battery decreases slower than that of the lead-acid
battery for both models that use rigid and flexible shafts.

Table 2 shows that (IMK-1, IMK-3) consumes less
energy than IMK-2, IMK-4) by 21.34% (J1), 22.63% (J>),
23.18% (J3), and 21.88% (J4). Thus, it can be concluded
that the motor/vehicle speed control using the IBEV mod-
els with lithium-ion battery (IMK-1, IMK-3) consumes
less energy than the IBEV models with lead-acid battery
(IMK-2, IMK-4).

Thirdly, the IBEV models with lithium-ion battery
(IMK-1, IMK-3) and the IBEV models with lead-acid battery
(IMK-2, IMK-4) consumes less energy than the correspond-
ing simple models (SMK-1, SMK-2).

A further analysis reveals that IMK-1 consumes less
energy than SMK-1 and that IMK-2 consumes less energy
than SMK-2 by 46.44% (J1), 48% (J>2), 47.33% (J3), and
48.67% (J4).

In general, the IBEV model consumes less energy than
the simple model. The IBEV model with lithium-ion battery
is preferable over the IBEV model with lead-acid battery.
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TABLE 2. Energy consumption.

Energy consumption (Wh)
Model 7, | 7, | 7, | 7,
Flat surface profile (15 seconds)
SMK-1 1.674x10° 2.512x10° 2.765x10° 2.955x10°
SMK-2 1.540x103 2.415x10° 2.626x10° 2.895x10°
IMK-1 0.823x10° 1.196x10° 1.335x10° 1.393x10°
IMK-2 0.896x10° 1.303x10° 1.456x10° 1.516x10°
IMK-3 0.705x103 0.925x10° 1.025x10° 1.088x10°
IMK-4 0.925x103 1.008x10? 1.119x10° 1.184x10°
NEDC profile (1200 seconds)
SMK-1 2.938x10° 4.025x10° 4.237x10° 4.323x10°
SMK-2 2.703x10° 3.864x10° 4.025x10° 4.236x10°
IMK-1 1.445x10° 1.916x10° 2.046x10° 2.039x10°
IMK-2 1.573x10° 2.088x10° 2.231x10° 2.218x10°
IMK-3 1.137x10° 1.482x10° 1.571x10° 1.592x10°
IMK-4 1.237x10° 1.615x10° 1.714x10° 1.733x10°
WLTP profile (1800 seconds)
SMK-1 5.318x10° 7.286x10° 7.669x10° 7.826x10°
SMK-2 4.892x10° 6.994x10° 7.285x10° 7.669x10°
IMK-1 2.616x10° 3.469x10° 3.703x10° 3.691x10°
IMK-2 2.848x10° 3.779x10° 4.039x10° 4.017x10°
IMK-3 2.058x103 2.684x10° 2.845x10° 2.883x10°
IMK-4 2.240x10° 2.924x10° 3.102x10° 3.138x10°

In terms of model simplicity, the IBEV model with rigid
shaft is preferable over the corresponding model with flexible
shaft.

B. ANALYSIS OF NOISE EFFECT

In this subsection, LQI controllers with observers are pre-
sented for the IBEV model with lithium-ion battery and rigid
shaft (the IMK-1 model). The LQI controller with Kalman
filter is designed and its performance is compared to LQI
controllers with Luenberger observers of order 4 and order
5 that have been designed previously [23].

The Kalman Filter is designed by giving the measure-
ment noise covariance R,, = 0.2 and the process noise
covariance R,,, = 0.2. Based on (37) and (38) the matrix
weight 0, = 0.02 obtained by the Kalman gain is Ly =
[2725 036 501 501 4.99]", and the eigenval-
ues of the estimator are —4.29+6.561, —4.29—6.561, —1.35,
—0.05, —0.290, —0.291, —25.50+4-23.64i, —25.50—23.64i,
—0.042, —0.291, and —0.291.

The LQI controller with Kalman filter is compared with
the LQI controller without observer and the LQI controllers
with Luenberger observers previously designed in [23]. All
the controllers are simulated with white noise added. We will
call the case of the LQI controller case-1, the LQI controller
with 4% order Luenberger observer will be called case-2,
the LQI controller with 5™ order Luenberger observer will
be called case-3, and the LQI controller with Kalman filter
will be called case-4.

In order to evaluate the noise rejection capability, the ini-
tial value responses of the 6 state variables under the white
noise influence are plotted in Fig. 8. Case-3 seems to have
a fluctuating response due to the noise while case-2 and
case-4 do not show any noise effect. The motor speed (state
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FIGURE 9. LQI and its designed observer response.

variable 1) and the motor electric current (state variable 2) of
the LQI controller with Kalman filter demonstrate the simi-
lar initial responses as those of the standard LQI controller
without observer. As expected, these results show that the
use of a Kalman filter can enhance the noise rejection capa-
bility of the LQI controllers.

Vehicle speed performance and energy consumption are
evaluated by conducting simulations using the above 4 cases
for the driving profile of acceleration on a flat surface. The
output responses in Fig. 9a and the control signal responses
in Fig. 9b have the similar responses with an approximate
settling time of about 2 seconds for case-1 (black line), case-3
(red line) and case-4 (green line). Case-2 (blue line) and case-
2 with noise (magenta line) are a bit slow to reach steady state,
with a settling time of around 5 seconds. Case-3 with noise
(cyan line) cannot reach steady state and instead moves away
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TABLE 3. Energy consumption for LQl with observer.

Case Energy Consumption
(Wh)
J2 J3
1 (LQI without observer) 2.205x10° 2.808x10°
2 (LQI with 4" order observer) 1.935x10° 1.944x10°
2 (LQI with 4™ order observer and noise) 2.331x10° 2.581x10°
4 (LQI with Kalman Filter and noise) 1.732x10° 1.781x10°

from the given set point. Fig. 9c shows the time responses of
the motor speed estimation errors of each observer with and
without noise influence. From these results the LQI controller
with 5™ order Luenberger observer (case-3) is excluded from
further analysis since it shows poor noise rejection capability.
This means that case-4 can reduce noise and has a good
system response.

The energy consumptions of case-1 (without observer)
and case-2 and case-4 (with observer) are calculated using
mechanical energy and electrical energy performance indices.
The results are listed in Table 3. Case-4 with noise and case-
1 have the similiar responses, as can be seen in Fig. 9a.
Case-4 consumes less energy by 27.31% (J2), and 57.66%
(J3) compared to case- 1. Thus, it can be said that case-4 has an
accurate response and is more economical than the controllers
with other observers.

VI. CONCLUDING REMARKS

A new strategy for reducing the energy consumption of
the battery in an electric vehicle is presented in this paper.
The strategy is to use an EV model, called IBEV model,
in designing a controller. The IBEV model is a model
that integrates the battery dynamics into the motor-vehicle
dynamics. In order to increase the usefulness of the model,
a controller is designed using a standard LQI control for
either speed or torque control based on linear or linearized
models. The designed controllers are tested on a nonlinear
IBEV model.

From the model testing, it is found that the IBEV model
for speed control consumes less energy than using the simple
model. In addition, it is found that the EV model with a
flexible shaft in the gear train system has a good characteristic
response and consumes 10% less energy compared to the EV
model with a rigid shaft. In terms of controller complexity,
the EV model with a rigid shaft can be chosen as the basis for
the design of a controller. In terms of the battery type used,
it is found that the IBEV model with lithium-ion batteries
consumes less energy than with lead-acid batteries. The LQI
with Kalman filter reduces the noise effect, has a good system
response and is more economical than the controllers with
other observers.

APPENDIX A

EV SUBSYSTEMS

An EV system generally consists of battery, electric motor,
gear train, and longitudinal vehicle dynamics subsystems.
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An overview of these subsystems is described in the body of
this article. The details are as follows:

Lithium-ion Battery

The dynamical equations of voltage and the SOC of the
lithium-ion batteries are:

dV (1) 1 Vol (1) + 1 (1)
= — —
dt RnCn T,
dV (1) 1
= — V. (t —1p(t
0 RrCrr 2 () + Ctzlb( )
dsoC 1
—”(t) = ——ip(t)
dt On

where R, is 1% terminal resistor, R, is 2" terminal resistor,
Cy1 is 1% terminal capacitor, Cyy is 20 terminal capacitor, and
Q)y, is the capacity of lithium-ion [9], [10].

Lead-acid Battery

The dynamical equations of electrolyte temperature 6(¢),
extracted charge Qy(r), SOC and current branch i;(¢) are:

dop(t) Roz. , o Oub
dt Cop b RopCop b RopCop
dop) .
—_ = [
I ip(t)
SOC =1 — &
Qop
diy (1)

1 . .
i ko) (ip(1) +i1(1)

with k; = %, ky = Rloln(—ﬁ), and

RooAgpexp [AZI (—@)]
k3 - A221mb
1 + exp | =52

where R is the 2" inner branch resistance, Ryp, is the ther-
mal battery resistance, Cy), is the thermal battery capacitance,
Oup is the ambient temperature, C; is the 15 main branch
capacitance, Kg is a constant, Qg is the capacity in the
electrolyte temperature at full charge, Ry is a constant of R,
Onp 1s the capacity in the electrolyte temperature at time ¢,
Rog is the value of Ry at SOC =1, Ao, A»1, Aoy are constants,
I,y 1s the main branch current, I* is the nominal battery
current, R is the main branch resistance 1, and Ry is the inner
resistance [11]-[13].

Rigid Shaft

The equivalent moment inertia J,, and the equivalent vis-
cous friction coefficient b,, are given by:

S v
Jeg =Im+ 5+
Ng  ngn;
b by
beg = bm + _; + 2w2
ng  ngn;

where J,,, J; and J,, are the inertia of the motor, the trans-
mission and the wheels, respectively. b,,, b; and b,, are the
viscous friction of the motor, the transmission and the wheels,
respectively. n, and ng are the gear ratio of the transmission
and the gearbox, respectively [16].
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Flexible Shaft
The equivalent inertias Jr; and Jy2, and the equivalent
viscous friction coefficients by1 and by; are given by:

J,
Jr1 = (Jm+ ps)
ng

Jf2 Iy (myry + Jyy)

b
bfl = (bm + %)
g

bfZ = 1y (by + bay)

with Jp, Jgs and J,, are the inertia of the propeller, the final
drive, and the wheels, respectively. by, bys, and b, are the
viscous frictions of the propeller, the final drive and the
wheels, respectively. ks and kg are the propeller position and
the final drive position coefficients, respectively [17].

Longitudinal Vehicle Motion

Based on Newton’s second law, the total force acting on a
vehicle while moving in a longitudinal direction is:

Fi(t) = Fo(t) = Y Fu() =0
The traction force:

T (1)

Iy

F(t) =

The acceleration force:
dawp(t)

Fo(t) = (mvrwn + Jeq) dr

The total resistance force:
D Fr(t) = Fa (1) + Fg (t) + Fre (1) + Fu (1)
The wind drag force:
Fq (t) = Kgv?
The gradient force is
F, (t) = mygsind
The rolling resistance force:
Fgry (t) = mygCrycos 0

The curvature resistance force:

k
Fy (t) = myg ( If)

The total equivalent moment inertia in Equation (9) is
given by:

Jior = (mvrwn + Jeq) Ty

with K; = % pCaAy; my, is the vehicle mass, r,, is the wheel
radius, p is the air density, Cy is the wind drag coefficient,
Ay is the area frontal, Cgy is the rolling coefficient, g is the
gravity constant, 6 is the gradient, ks is the curvature constant
and R is the curvature distance [8], [18], [19].
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APPENDIX B
DYNAMICAL EQUATIONS OF MODELS
A general model can be expressed in state space equation as
following i.e. SMK-1, SMK-2, IMK-1, IMK-2, IMK-3 and
IMK-4.

SMK-1: Simple Model with Rigid Shaft

di, (1) ke R, 1
= —— 13 1 1
dr mem() Lmlm()+ m”c()
dwy,(t b k
Onll) 2 (1) i 1)
dt tot nJtot
! sinf + C cos@—i—ktk
—m,gr, —
T T o R
SMK-2: Simple Model with Flexible Shaft
diy (1) ke Ry 1
=~ (1) — iy () + —uc(t
dr mem() L lm()+Lm“c()
d t k; k
e _ Lo (1) = 20, (1)
t an2 sz Jr2
b
+ dsTw d(t)+ ds w9 (l‘)
Jr2
mvg W kg
——— | sin 0 4+ Crycos 0 + —
2 R
do,,(1)
;; = wp(t)
d0y(t)
= 13
0 wq(1)
do,, (1)
# = wy(?)
IMK-1: IBEV Model with Rigid Shaft & Lithium-ion
di, (1) ke
n:lt = _Lm wp (1) — mlnz(t)+_m( Rgin (1)
cl (l) — Ve (t) + 2alSOCn (t)
+ (2a; + 2ap)) Kcuc(l)
dw,(t b
on(®) _ eql wm () + im (t) — N’ Kqr2w?

a Jror Vl] tot wm

! in 6 + Crocos 6 +
— —mygry, | sin cos —
» v8Tw Rx R
dv.(t) |
o RiCy @) + o ip(t)
dV (1) 1.
= — Vo (t —ip(t
u RrCrr 2 (1) + Ch ip(t)
dSOC,(t 1
—n() — ——lb(t)
dt On
IMK-3: IBEV Model with Flexible Shaft & Lithium ion
dip, (1) ke Ry
= =y (t) — —ip (¢
dr mem() Lmlm()
1 .
+ I (—=Rgim (t) — Ve1 (£) — V2 (1)
‘m
+2a1SOC, (t) + (2ay + 2ag)) Keu(t)
don(t) ki . b1 I
_— = — t) — — t ——kyO,, (¢
dr Jfllm() Wy (1) § lps hm (1)
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+ psa)d @) + kpsed(t)
ngJfi ngly
dwy(t) bs
—_— = — )+ — t —9 t —9 t
i st ()+J wy (1) — i (1) + w (1)
dwy, (1) ke . b kdsrw
— L = —— iy () — o, (1) — 0
dr anzlm() Jf CUw() W (1)
b 1
1 2T oy KT (r)——Kdriww (>
Jr2 Jr2 Jr2
k
_ % <sin 6 + Cgycos 6 + %)
dOm(t) d9d(t) do,(1)
= [ , == t
o @ (1) o wq (1), 0 @y (1)
dv (1) 1 1.
= — V.t —ip(t
I RiCy el @) + Ctllb( )
dv (1) 1 1,
= — Ve (¢ — (1
o RrCoy @2 ) + s ip(t)
dSOC (¢ 1
—”() = ——ip(t)
dt On
IMK-2 IBEV Model with Rigid Shaft & Lead acid
diy, (1) ke Ry .
= ——wu ) — it
dr mem() Lmlm()
1 .
+ . (Embo — Rooim(t) + (273k;
m
+k10p(t) — ki1 (2) + k3im(2)) Op(2)) Keue(t)
dwp(t) beqrw 2 3 2
= — t ) —n°K
o T m (1) + Jtot im (1) — n"Kgryo
1 . kk
— —mygry | sin 0 + Cgycos 0 + —
tot R
dop(t R 1 6
L ) .
dt Cop RopCop RopCop
dOy(t) .
=77 — t
” ip(t)
dii (1)

1 : )
7 2C10m(0) (ip(1) + i1(2))

IMK-4: IBEV Model with Flexible Shaft & Lead acid

diy, (1) ke Ry .
M e o () — L (2
d mem() Lmlm()
+ — (EmbO Rooin(t) + (273ky + k16p(t)
- kzll(t) + k3in(2)) Op(1)) K cue()
dop(t) ki . b1
—_— — iy (1) — 1) — ——kys0,, (¢
dr Jfl Im (1) I ——wp (1) ng-’f psOm (1)
n
+ Jf bpswy (1) + ——FkpsBa (1)
ngJf1 ngJf1
doat) _ s,y 20 0~ Koo, iy M, 0
dewdll) _ _Zds S o (1) — s Kds
dt Jas d Jis v Jds d Jis
dwy (1) ke b2 kasryw
bl LA 1) — L2w, (t 6, (t
= Jf2ww(> T (0
bty
4 Dt oy 4 K 00 (1) - L kir2w, (17?
72 Jr2
mygry

. kik
sin 6 + Cgycos 0 + —
Jf2 R
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don(t) d9d(f) doy(t)

et (1), i wq (1), o ww(t)
dos() _ Rox 1 Ouy

dt  Cpp (0" = Rop Cebeb O RonCon RopCop
dgp(t) .
= ip(t)

o _ (i(0) + i1 (1))

dt  kCi0p(t) b !
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