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Abstract: - In this paper, a new controll structure are proposed to sensorless vector control the in-wheel motor
drive system of Electric Vehicle (EV) to improve its performance and robustness. The design of the controller is
based on Backstepping and Hamitolnion control combined with a improved stator current MRAS adaptive
speed observer proposed to estimate the vehicle speed and it also can compensate for the uncertainties caused
by the machine parameter variations, measurement errors, and load disturbances, improving dynamic
performance and enhancing the robustness of the SPIM drive system, perfect tuning of the speed reference
values, fast response of the motor current and torque, high accuracy of speed regulation. A global EV model is
also evaluated based on the vehicle dynamics in this paper. The simulation results lead to the conclusion that the
proposed system for the propulsion system of electric vehicle is feasible. The simulation results on a test vehicle
propelled by two SPIM showed that the proposed control approach operates satisfactorily.
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1 Introduction model predict control (MPC). However, both DTC
In recent years, due to the effect of the greenhouse and MPC need to analyze and select the vector
effect and the lack of fossil energy, a lot of research voltage, the number of these voltage vectors
efforts have focused on developing high quality and increases exponentially as the number of stator

phases increases. With its advantages, FOC Control

efficient EV  drive system such as a solution to : . :
Technology is the dominant control solution

energy and environmental issues. Electric motor

drive is one of the main technologies in EV. An EV currently applied in the drive system for electric
is driven by the electric motor, in addition to being vehicle [6-7]. However, the conventional FOC
environmentally friendly, it also has the advantage strategies using  PI control ~cannot provide
of creating a torque that responds quickly and satisfactory quality for high performance drives. In
accurately [1-4]. Electric drive system in EV order to overcome these, recently nonlinear control
includes: electric motors, converters and controllers. methods have been developed to replace PID
This system is designed to meet the speed and controllers such as [8-18]: Regulatory linear control,
torque requirements set by the driver. For motors sliding mode control, Backstepping control, Fuzzy

Logic control and neural network control, prediction

used in EVs, SPIM is one of the most competitive _ ot
control, passive control, Hamiltonia control,.v..v.

proposals for propulsion systems in EVs due to their

outstanding advantages such as fault tolerance, However, thgse nonlinear control techpiques are
reduced phase current 2 with the same source. usually quite  complex,  demanding  high
pressure applied to motors compared to three-phase computatlpnal effort, and requirmg. a - precise
motors of the same capacity, high torque, low ma-thematlcal model. They were difficult to obtgm
torque, vibration and noise reduction, high satisfactory —control  performance when using
efficiency due to reduced rotor current, [5] ... independently, espc?mally in the cases applied to
In order to improve the performance of the drive contrgl -the ponlme systems. Therefore, the
system in the EV, many modern control solutions cpmblnatlon different control techniques to both
have been developed such as the field oriente simple and enhance the performance of SPIM
control (FOC), direct torque control (DTC), and drives, such as combined [19-21] to get a effective

control system. In this paper, the author proposes a
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combined control structure using BS controller for
outer speed control, SPIM parameters are updated
for controller to minimizing the effect of changing
the parameters on the efficiency of the controller.
The PCH controller is proposed for inner current
controller to enhance the performance of the in-
wheel motor drive system of Electric Vehicle.
Beside, to reduce the parameter sensitivity, noise,
cost, size, weight and increase the reliability of the
system [22], a speed observer instead the
mechanical sensors is proposed. In the proposed
observer, the reference model uses the stator current
components to free of pure integration problems and
insensitive to motor parameter variations. In this
scheme are, first: Adaptive model uses a two layer
linear neural network trained online by a BPN
algorithm. Second, the rotor flux is identified by the
(VM) Voltage Model with the Rs value is estimated
online to enhance the performance of the proposed
observer, in addition, using VM will avoid the
instability in the regenerating mode. The
effectiveness of this proposed schemes for
controlling the in-wheel motor drive system of
Electric Vehicle is verified by simulation using
MATLAB/ Simulink.

The paper is organized into five sections, in section
2, the basic theory of the model of the SPIM and the
SPIM drive are presented. Section 3 introduces BS
PCH controller and proposed observer. Simulation
and discuss are presented in Section 4. Finally, the
concluding is provided in Section 5.

2 Model of SPIM and electric

propulsion system in EV

2.1 Model of SPIM

The SPIM drive system scheme is provided in Fig.1.
The original six-dimensional space of the machine
is transformed into three two-dimensional
orthogonal subspaces in the stationary reference
frame (D-Q), (x - y) and (zl -z2) based on the Vector
Space Decomposition (VSD) technique [9]. This
transformation is obtained by means of 6x6
transformation matrix (Eq.1).

oL B B
2 2 2 2
o BB 11
2 2 2 2
! I I I )
Te= =1 —— — 2= X 0
63 2 2 2 2 (1)
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The electrical matrix equations in the stationary
reference frame for the stator and the rotor may be
written as ( Eq.2)

[Vsj:[st[ls}Lp(['-ss}[ls}{l-sr]['r]) )
[o]=[R ][I ]+ p([er][lr]J{Lrsj[ISJ)

where: [V], [I], [R], [L] and [Lm] are voltage,
current, resistant, self and mutual inductance
vectors, respectively. P is differential operator.
Subscript r and s related to the rotor and stator
resistance respectively. Since the rotor is squirrel
cage, [Vr] is equal to zero. The electromechanical
energy conversion only takes place in the DQ
subsystem:

v, ] [R+PL, 0 Pl 0 w
Vi | |0 RPL 0 Py || 1y )
0 PLy  oly R+PL ol |1,
0 ~oly Py -oly R+PL |1,

where Or is the rotor angular position referred to the
stator as shown in Fig. 1. To control for SPIM
drives in EV, a transformation matrix must be used
to represent the stationary reference fame (a-f) in
the dynamic reference (d - q). This matrix is given:

T, zl:cos(ﬁr) —sin(6r )}

cos(ér)

sin (5r ) )

Figure. 1. A SPIM drive general diagram

2.2 Model of electric propulsion system

In the FOC control case for SPIM, we have: y.q=0,
V=Y. The equation of the SPIM drive in the
rotary reference coordinates can be written as
follows

di
L, dst" = —ai, + Lo, + bRy +CU,,
di, _ )
L, praia + Lywgi,, +brogy g +CU
)
do, 3 _ oL T
= P—(yq4i,)— = -Bo
a2 9 g '
dy, Ly 1
o
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621— m ,5: m ’a: m_ T - rs;b: mzr;C: . T
L, oLkl ol ol Ry

S*r T T
The electromagnetic torque and the slip frequency
can be expressed in dq reference frame:

3 L
To = =Ny Ny ygi
e = J'p L Yrdlsq (6)
Wy = L_m Vg isq (7)
We also have:
T, =T + Bagy + J d:t’f (3)

FOC Vecto

BS_PCH Controller

Fig 2: The diagram of proposed drive in EV

To propel EV, SPIM must supply the torque to the
wheels. Need to consider the major factors influence
to the EV dynamics model such as the road
condition, hill climbing and acceleration
aerodynamic drag, etc.,. In this proposed control
strategy takes into account vehicle aerodynamics.
This model is based on the principles of vehicle
mechanics and aerodynamics [24]. The total tractive
effort is then given by

Fte =Rt ic+ Fad + I:Ia + I:wa (9)

» m,mg + mgsinf+%rACdv2+ m%+ F.

where, F: Tractive force; Frr: Rolling resistance
force; Fhc:  Hill climbing force; Fla: Linear
acceleration force; Fwa:  Angular acceleration
force; m is the mass of EV; g is the gravity
acceleration; v is the vehicle velocity; ur is the
rolling resistance coefficient; r is the air density; A
is the frontal area of LEV; Cd is the drag
coefficient; f is the hill climbing angle; FL is the
external disturbances term; r is the tyre radius of
LEV; G is the gear ratio; T is the required torque of
LEV; vr is the motor speed of in-wheel motor using
SPIM. In Fig. 3, when using the field-oriented
control scheme, the electromagnetic torque Te can
be expressed simply as
rk

T = (10)
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Fig. 3 Elementary forces acting on a vehicle [26]

The power required to drive a vehicle at a speed v

has to compensate for counteracting forces

P = VF, = v(m,mg+ mgsin f + %rACdv2 + m%+ F)
&y

when using the field-oriented control scheme, the

electromagnetic torque Te can be expressed simply

as

Te = Kiig (12)

where K; is the torque coefficient; isq is the g-axis
torque current command.

From the vehicle dynamic model shown in (1)—(3),
the required torque of a single in-wheel motor T
motor can be shown as

T_m:T

motor
n

where isq is the required torque current command; n
is the number of in-wheel motor drive. The torque
equation of an in-wheel motor is as follows
dao,
dt
] dw,
dt '
where J is the inertia of the in-wheel motor using
SPIM including the tyre set; B is the viscous
coefficient. Moreover, assuming the system
parameter variations of the SPIM are absent, then
the overall vehicle dynamic model of EV system
including the torque equation of the PMSM can be
written as

. 13
= Kilg (13)

To=1J + Bo, + Togtor

(14)

T am |9, gy T mg + L pAC,V + mgsing+F
e I'IGZ dt r nG Her 2/) d L

2

r- |do
=|J+m— |—+ Ba, + T, 15

( nGzJ dt r L ( )

where Ty is the load torque including the effects of
rolling resistance, air drag, hill climbing and external
disturbances, and the overbar symbol represents the
system parameter in the nominal condition.

Volume 15, 2020



WSEAS TRANSACTIONS on SYSTEMS and CONTROL
DOI: 10.37394/23203.2020.15.38

Chopper

SPIM

9

Inverter

Fig. 4 The proposed drive for EV propulsion system

3 The proposed sensorless vector
control scheme for SPIM drives in EV

propulsion system.
3.1. The proposed BS controller for outer
speed control and rotor flux loops

As we known, the speed response depends on the
inertia of the machine. Therefore, if a fast acting
controller is used into the outer speed of vector
control of SPIM drives, it can always provide i
reference current in excess the allowed limit and
then the controllers will default work at the critical
value. In other words, the output of the speed and
rotor loop always work on saturated modes at the
limit values, the working time in these modes
depend on the sudden change in reference speed and
the time constant due to inertia mechanics of the
machine. These make the system lost control
whenever the controller reaches saturation. To
overcome this, the BS controller is proposed, it is
quite good from a mechanical mechanic point of
view. The stability and performance of the
subsystems is studied by Lyapunov theory.
Therefore, at each step of the design, a virtual
command is created to ensure the convergence of
subsystems.

t
&, = (cu: —a)r)+ ka.(a): - a)r)dt
0
. (16)
&y = (‘//:d Vi )+ kWI(W:d VY )dt
0
The error dynamical equations are
E, =0y _EP%Wrdisq A Bay +k;)(a)f —a)r)
2 J J
17)

. x Ly 1 s

&y =V¥nd +T_rrn|sd +Z‘/’rd +ky/ ('//rd _V/rd)
To obtain the virtual controller of speed and rotor
flux loop, the following Lyapunov function

candidate is considered:
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(18)

lia o
View) =5 (25 +2))
Differentiating V:
dv(a),l//) _ de de

= —_o g_l//

dt P odt VY odt

o |dor 3
?l dt 2

doL * T '
S H | *
np Tl//rdlsq +T+ Ba)r +kw(60r —C()r):|

d‘//:d Ly . 1 ' *
+&, |:T+Z|sd +Z‘//rd +k.,/(Wrd —l//rd)

(19)
where: k’,, K’y are positive design constants that
determine the closed-loop dynamics. To V' <0, the
stabilizing virtual controls are chosen as

. 1 da)* T, ' *

i%y :_kt‘//rd {kwgw +d_tr+7|+ B, +k, (a), —a)r)J o0

i, T dyg 1 "o

ISd = ﬁ[kyfﬂ’ +d_tr+;l//rd + k]// (l//rd _wrd ):|
We obtain:

av,

(ow) 2 2

T:_kw(s'w—kl//f,‘l//<0 (21)

3. 2 The inner current loop controllers using
PCH

In contrast, unlike the speed controllers, requiring
with the inner current loop are fast response and
highly robust and stable. To meet these control
criteria, internal current controller is proposed using
PCH control. This controller can effectively
compensate for load disturbance in the system so
the proposed method is more robust, stability and
faster dynamics response. A PCH system with
dissipation is a representation of the form:

& [309-R) T (x)+ 9 (x)u
y=0" ()5 (x

Ry=R] >0

(22)

where represents the dissipation. The
interconnection structure is captured in matrix g(X)

—_37 ,
and the skew symmetric matrix Ix==dx , H(X) is
the total stored energy function of the system. We
define the state vector, input vector and output
vector are as follows, respectively

Li

; T
X=|:X1 Xz:'T =[lesd ssq:l
u= [ul u; :|T = |:bRr'//rd +CUgy  -bary g + CUgq ]T

y= |:isd isq :|T

The Hamiltonian function of the system is given by
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H (X):%XT Dlez%(Xlz +X§):%(Lsi§d tLig)  (23)

Suppose we wish to asymptotically stabilize the
system (23) around a desired equilibrium xo, a
closed-loop energy function Hd (x) is assigned to
the system which has a strict minimum at x0 (that is,
Hd (x) > Hd (x0) for all x # x0 in a neighborhood of
x0). The feedback stabilization theory of PCH
system is given as follows [17]. Given J(x), R(x),
H(x) , g(x) and the desired equilibrium xo0. Assume
we can find a feedback control u = a(x) , Ra(x) ,Ja(X)
and a vector function K(x) satisfying:

T
z—t(X){Z—t(x)} KO =200
(24)
d_K(XO) N dz_H(x )
dx R
The closed-loop system:
K _[34(9)-Ra ()] (x) (25)
dt dx
will be a PCH system with dissipation.
KO0 =225 H (0= Hy(0-H( (26)

where Ha is the energy added to the system and xo
will be a stable equilibrium of the closed-loop
system. The expected Hamiltonian energy storage
function is defined as

Ha (x) = H (ax)=H (x=x,) (27)
34 (¥) =3 (x)+3a(x) = =3 (x)

Ry (X)=R(X)+Ra(X)=R! (x)>0

ORI WACR 9)

where, J1 , rl and r2 are undetermined interconnect
and damping parameters. According to equations
(25)-(30), the controller of the current inner loop of
the motor is

(28)

* . Lk . Wk . -
Usg = U[alsd + r1('sd "sd) - Jl('sq "sq) - Lsooslgq 'bRr‘//rd}
Usq =0 8igg + 1 (Isq - |sq)+ Ji (Isd -igg )+ Lywsisg +bayy g

(30)
3.3 Structure of the NN_SC_ MRAS Speed
Observer
In this scheme, the measured stator current
components are also used as the reference model of
the MRAS observer to avoid the use of a pure
integrator and reduce influence of motor parameter
variation as in [25]. An Artificial Neural Network
(ANN) can reproduce the equation (31), where wi,
W, W3, Wy are the weights of the neural networks
defined as (31);
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Isp(K)= W isp(K-1)+ Wyl (K-1)+ Wy o (K-1)+ W, 7 (K-1)

Iso(k)= W isq(k-1)+ Wyl (K-1)+ Wy 5 (k-1)+ W, 7o (K-1)

(31)
where :
TR, 7, Lfn T, T.L, T.L, o
= —— - , = ;W}: ;W4=
oL, olLLrz, oL, oLz, olLL,

(32)
where: 1" the current variables estimated with the
adaptive model and k is the current time sample, Rs,
Ls, Lr, Ln are stator resistance and stator, rotor,
magnetizing inductances, respectively. Ts is the
sampling time for the stator current observer.

Figure 5. NN VM SC_MRAS based observer (a)
a-axis (b) B-axis

A two layer linear NN, that with weights as
defined as shown in Fig. 5, can represent equation
(31) and represent the adaptive model for the SC_
MRAS scheme where w; and wa, which contain R
and the rotor speed information respectively, are
adjusted online in such a way as to minimize the
error between actual and estimated currents. Since
rotor flux estimation is required for the SC_ MRAS
scheme, in this proposal observer, rotor flux has
estimated by VM. The block diagram of the NN-
based stator current MRAS scheme using a VM
rotor flux observer is shown in Fig. 6. The
performance of VM rotor flux observer has been
improved significantly with Rs value updated
online.

3.3.1 Rotor Speed Estimation Algorithm

In onder to derive the weight adjustment law of
the NN stator current observer, define the energy
function E to be minimised:

S (33)

where :
gi(k): is(k)-is(k) = [iy (k) - To(k) iSQ(k) - (k)]

= [eo0) g0 ]
(34)
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The weight adjustment has to be proportional to the
negative of the error gradient to obtain a minimum
squared error between actual and estimated stator
current.

OE OE dis(k)

- (35)
M Bi, k) M
where:
A 2 36
R [i&k)-is(k)} T
is(k) 2 0is(k)
dis(k) [ . T
W:[l/lrQ(k'l) _l//rD(k_l)} (7
Substituting (15) and (16) into (14) :
oE " (38)

= o (WD) - gy oKD

4

The weight adjustment law of the NN VM SC
MRAS observer can be derived based on
backpropagation network (BPN) algorithm and can
be written:
oE
AW4(k) = '775

4

= -7 |:Eiso(k)l//rq(k'l) - giso(k)l/;rn(k'l):| (39)

where n is a positive constant called the learning
rate. Hence the weight update equation:

w, (k) = w, (k -1)+ Aw, (k) + aAw, (k) (40)

where a is a positive constant called the momentum
constant. Due to simple structure of the NN stator
current observer, the weight adjustment can be
performed online and the motor speed can be
estimated from the weight wy as:

~ olL_L
wr (K) = #W4(k)

S m

3.3.2 Rotor Flux and Stator Resistance Online
Estimation Algorithm.

3.3.2.1 Rotor Flux identifier

In this proposed observer, the rotor flux components
are identified base on VM equation (42) to generate
the estimated rotor flux value what are provided for
the adaptive model of the proposed observer.

(41)

d . .
l/d/trD = i (VSD - RSISD - O-Tn Xs plsD)
" 42
G x (42)

L (vSQ - RsisQ - o-TnxspisQ)

3.3.2.2 Stator Resistance Estimator
From (32), (33) to minimize squared error between
actual and estimated stator current the weight
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adjustment has to be proportional to the negative of
the error gradient with respect to the weight. It can
be written as:

W, (k) = w, (k -1)+Aw, (k) + yAw, (k) (43)
where
oE
AWl(k) = 'ﬂa
) (44)

- . ﬂ{gisD(k)LD(k-l) + giSQ(k)isQ(k-n}

where v is a positive constant called the momentum
constant, f3 is a positive constant called the learning
rate. Due to simple structure of the NN stator
current observer, the weight adjustment can be
performed online and the stator resistance can be
estimated from the weight wl as:

: ol TL
Ri(k+)=—|1-——"—-w (k+1 45
( ) Ts |: O-Lr LSTr l( ):| ( )
N > SPIM is
(Reference Model)
=

l Learning Algorithm []
i BPN

ANN
(AdaptiveNlodel)

(Voltage Model)

PR - N
—p

Figure 6. The proposed SC_ MRAS speed observer

4 Simulink and Discussion

In this part, the performance verification of
proposed scheme of SPIM drive the propulsion
system of EV as shown in Fig. 4 is carried out
through Matlab simulation software. These surveys
are implemented based benchmark tests in [26-28].
SPIM parameters: 1HP, 220V, 50 Hz, 4 pole, 1450
rpm. Rs = 10.1Q, Rr = 9.8546Q2, Ls = 0.833457 H,
Lr = 0.830811 H, Lm = 0.783106H, Ji = 0.0088
kg.m2. Rs is nominal value of stator resistance.

The first case:

+ Test 1: Command to set the reference speed: The
speed was increased from O rpm to 270 rpm, after 5s
the speed reduced from 270 to 135 rpm and
increased again to 270 rpm, 100% rated load is
applied (based on the test in [26, Fig 5 abc]. (Fig
7a).

+ Test 2: In this test, an improved ECE-15 cycle
based on [26, Fig 2] was performed. A European
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standard test driving cycle with data points
representing the vehicle reference speed over time.
It is characterized by low vehicle speed (maximum
of 50 km / h) and it is suitable electric vehicle
testing in urban areas. ( Fig 7b).

+ Test 3: This survey is conducted with a sample
cycle similar to the survey 2 but based on [27, Fig 8]
with the extended survey time with 5 test cycles. as
in [27]. The test performed on EVs based on ECE-
15 test cycle. The goal of this test is to evaluate the
performance and dynamic response of the sensorless
vector control using BS PCH in combination with
proposed observer when applying for the propulsion
system in EV for 5 consecutive cycles to prove the
control quality, stability, robustness of the control
and estimation strategies. The test cycle is the urban

Speed (rpm)

Currentisdg (A)

Rotor flux (Wh))

Ngoc Thuy Pham, Thuan Duc Le

ECE-15 cycle [27]. From the simulation results
show in Fig 5, it is easy to see that the speed
responses in both tests 1 and 2 in case 1 is very
good, the speed error is nearly zero in the stable
mode. BS PCH controller can provide very good
dynamic response during acceleration and
deceleration of EV.

Test 3 performed on EVs based on ECE-15 test
cycle. The goal of this test is to evaluate the
performance and dynamic response of the sensorless
vector control using BS PCH in combination with
proposed observer when applying for the propulsion
system in EV for 5 consecutive cycles to prove the
control quality, stability, robustness of the proposed
control and estimation strategies.

Reference
400 Measured /,——-—-\\
= Estimated
200 / \\ /
0
0 5 10 15 20
Time (s)
=6
= Jam, i
T 4 ot it ot
g2
=
% 5 10 15 20
Time (s)
oo ( (
= T e AT T e T
E ol BB T
3 | |
o 5 1o
Time (s)
2.5
2
S L
1
05 5 10
Time (s)
1
0.5
o
o 5 10 15 20
Time (s)
b.

Fig. 7 Speed, stator current, torque response and estimation error:

400
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o
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E 20
=2
(<5
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S
2
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F i
= i ‘
= e T e
g ° n&%"&ﬁ%ﬁ%%ﬁ% o ‘Waw.'a‘}%uﬁ A
=]
© 5 [ I I
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—_ 4
=
f=of 3
3
2 >
=
g 1
s
© o
o 5 10 15 20
Time (s)
S 1
=
= o5
s
= [0}
o 5 10 15 20
Time (s)
a.
a.

First test cycle with reference speed: 0- 270-135-270 rpm. [26, Fig. 5 abc, ghil).

b. Second test cycle: Modified ECE-15 (Fig. 8) [26, Fig. 2].

Observing the simulation results shown in Fig. 6, we
see that the NN _SC MRAS speed observer works
correctly and stably, the estimated speed is almost
exactly equal to the reference and measured speed,
in both the established and transient mode, even at

zero and low speed regions.
150

Reference
Measured
e Estimated

i\ | N N N\ /'\__/' \
N W WA WY

30
Time (s)

N
1S)
S

o
=)

Speed (rad/s)

o

20

o

10
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Fig. 8 Speed, stator current, torque response,
estimated error in the third test cycle based on [27].
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Case 2:

Tests verify and evaluate the performance of
the proposed SPIM drive using in EV based on
recommended benchmark tests in [28, Fig.6] also
make with describe the road during the test EV
operation as shown in Fig. 9.

The survey results shown in Fig. 10 verified the
effectiveness of the proposed drive for the wheel
using SPIM. This proposed scheme provide fast,
accurate speed and torque responses, control and
estimation quality are very good during both
stability and dynamic modes. it is suitable the
requirements of the propulsion system of EV.

9.2.90
Shahe

E Pt Phase | Phase 2 ,‘_‘ ''''' - Lnd
Fig. 9 Describe the road during the test EV
operation[28]
600
E 400 /
?g)- 200 / Reference
@» ‘ Measured
Estimated
00 1 2 3 4 5 6
Time (s)
= > isd Act sd Est sq Act sq Est _|
E S —
(&) o
o 1 2 3 a 5 6
Time (s)
. 3 | [ Te
E o K
g 2 i
g o !
= P
o 1 2 3 4 5 6
Time (s)
Fig. 10  Speed, estimation error, stator

current, torque response in during the EV test
operation based on test in [ 140, Fig.6].

5 Conclusion

This paper are proposed a sensorless vector
control scheme for the in-wheel motor drive system
of Electric Vehicle (EV) using a new controlle
structure combined with a stator current MRAS
based on adaptive speed observer using neuron
network. The simulation results are performed to
prove the successful development of the proposed
sensorless vector control scheme of SPIM drives for
the propulsion system of electric vehicle. The speed
of SPIM proving for EV follows accurately the
reference speed set commands, instantaneous torque
response. The proposed scheme meets the
requirements of the propulsion system of EV, even
at zero and low speed regions. In fact, electric
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vehicle performance is greatly influenced by the
quality of the vehicle's control system, electric
motor,... the application of modern control
techniques to improve and enhance the performance
of electric vehicles have high practical significance.
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