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A Loss-Minimization Port-Controlled Hamilton
Scheme of Induction Motor for Electric Vehicles

Junzhi Yu, Senior Member, IEEE, Wenhui Pei, and Chenghui Zhang

Abstract—This paper is devoted to the loss model-based con-
troller for an induction motor that propels an electric vehicle (EV).
A novel loss calculation method is obtained via the energy bal-
ance equation of the induction motor’s port-controlled Hamilton
model. Since all parameters of the motor are taken into account,
the proposed strategy is much more accurate than the conven-
tional loss calculation method. Based on the conceived loss model,
a novel loss minimization algorithm is designed. Furthermore, the
proposed algorithm is implemented based on the method of inter-
connection and damping assignment, which offers a high-efficiency
induction motor driving solution for EVs. Simulation tests are fi-
nally conducted to verify the consistency and the performance of
the adopted control scheme.

Index Terms—Electric vehicles (EVs), induction motor, iron loss,
loss minimization, port controlled hamiltonian.

I. INTRODUCTION

THE automobile industry is a crucial comprehensive reflec-
tion of industrial strength. Significant efforts have been

made in promoting the steady development of this area [1],
[2]. During the past decade, increased attention has been paid
to electrified vehicles which are more environmental friendly
than conventional vehicles. There is a solid body of research
now available that has aimed at enhancing our understanding of
power control optimization in all kinds of new energy vehicles
[3], [4]. Noticeably, pure electric vehicles (EVs) represent a pre-
ferred choice in the automotive industry because of zero pollu-
tion [5], [6]. The technology of rechargeable lithium air battery,
unfortunately, poses a challenge. The major problem is that the
degradation mechanisms cause the battery cell performance to
deteriorate. The battery performance keeps deteriorating with
its age. After 1000 charging cycles, Lithium-ion battery may
loss 10% of its capacity at 25 ◦C [7]. The battery degradation
is primarily characterized by the increase of internal resistance,
which will result in higher Ohmic loss and wilder voltage fluc-
tuation. In particular, the strong voltage fluctuations may further
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impact the efficiency of the EV motor. Thus, before significant
technical progress made in battery technologies, the selection
of traction motors for EV propulsion systems is a very crucial
step that requires special attention [8]. In addition to optimal
energy management, key factors like the motor’s optimal de-
sign and optimal control strategy play an important role in EV
propulsion [9], [10].

The main requirements for propulsion, motor involve rugged-
ness, high torque to inertia ratio, high torque density, wide speed
range, low noise, little or no maintenance, small size, ease of
control, and low cost [11]. The induction motor may represent
the best choice among existing and newly emerging motors, with
reasonable price and good performance. However, the conven-
tional induction motors with high inductance coil hardly meet
the requirement of low inductance and high current density so
that they cannot produce a high starting torque. In such a cir-
cumstance, a special induction motor with low inductance coil
is demanded and gradually becomes the main driving motor for
EVs [12]. There are many cases of using this low-inductance
induction motor in Tesla EVs such as Roadster, Model S, and
Toyota/Tesla RAV4 [11]. The losses typically comprise mechan-
ical loss, stray loss, copper loss, and iron loss. It is difficult to
establish mathematical models of the mechanical loss and stray
loss, which account for approximately 20% of the total loss.
Copper loss and iron loss are controllable, which account for
about 80% of the total loss [13]. To increase the efficiency of
the induction motor, cooperative efforts in materials, design, and
construction techniques have been made to reduce the mechan-
ical loss and stray loss. However, the converter loss and motor
loss remain substantially dependent on control strategies.

At present, there are two mainstream control strategies to im-
prove the motor efficiency. One is the search controller (SC)
[14]–[16]. The main drawbacks of the SC are torque ripples
and slow convergence. The other control strategy is the loss
model-based controller [17]–[20], which has the advantages of
low torque ripple and fast response. However, the modeling ac-
curacy of the motor driver and the losses seriously affect the
optimization precision. Many loss models for common induc-
tion motors have been proposed in recent years. For example,
an equation for the optimal flux level was developed in the field-
oriented frame [17]. This method has been extended to different
types of motors [18]. But the leakage inductances are often
neglected in the loss models [17], [18], which are accompa-
nied by model inaccuracy, especially in the case of heavy loads
and high-speed operation. In particular, Uddin and Woo devel-
oped a simplified loss model without neglecting leakage induc-
tance [20]. But it is impossible to calculate the loss accurately
because there is a part of the polynomial which is used to express
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the torque of the induction motor in the loss minimization al-
gorithm (LMA). It is worthwhile to remark that all the above
results entirely focus on general induction motors and that the
study on the optimization of EV induction motors is rare. Al-
though Haddoun et al. proposed a dynamic model of an EV
and corresponding loss-minimizing DTC induction motor drive
strategy [9], the used loss model is less accurate for neglecting
rotor core losses.

The objective of this paper is to put forward a new method
of the energy loss calculation, where an open system featuring
energy dissipation and energy exchange with the environment is
described. Considering that the port-controlled Hamilton (PCH)
theory [21]–[25] is well investigated and that the PCH system
model is widely applied to the practical systems via the method
of interconnection and damping assignment [26]–[31], a PCH-
based loss minimization scheme is formulated. More specifi-
cally, the loss model of the induction motor is first derived from
the energy balance equation, in which the motor is regarded as an
energy transformation device. With this model, the loss caused
by motor parameters can be converted into steady-state currents
of the induction motor. Then, the excitation current ratio in d-q
axis is served as the variable for developing the LMA. Finally,
the proposed algorithm is implemented through the method of
interconnection and damping assignment. In contrast to the tra-
ditional vector control or direct control, the proposed Hamilton
control in this paper has significant advantages such as the sim-
ple controller, high optimization speed, as well as small torque
fluctuation [32].

The remainder of this paper is organized as follows. We start
by giving an overview of the PCH model of the induction motor
for EVs and deriving the loss model from its energy balance
equation in Section II. We then proceed to develop the LMA in
Section III. The proposed algorithm is achieved by the principle
of PCH system in Section IV. The simulation tests on induction
motors are offered in Section V. Finally, Section VI. gives some
concluding remarks.

II. INDUCTION MOTOR MODEL AND LOSS MODEL

As illustrated in Fig. 1, the induction motor model that con-
siders the iron losses within an arbitrary frame of reference (ω1)
can be described in the following form [29]:

⎧
⎨

⎩

Us = Rsis + ω1Qϕs + pϕs

0 = Rrir + ωsQϕr + pϕr

(1)

pLm im = Rf eif e + ω1QLm im (2)

im + if e = is + ir (3)
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ϕs = L1sis + ϕm

ϕr = L1r ir + ϕm

ϕm = Lm im

(4)

pJω = Te − TL = np
Lm

Lr
[ϕr

T Q(is − if e)] − TL (5)

Fig. 1. Equivalent circuit of induction motor in synchronously rotating frame
including an iron loss resistor.

where p indicates the differential operator; U , i, and ψ denote
the voltage, current, and flux linkage, respectively; ω stands
for the speed of rotation; leakage inductances are identified
with index L; m denotes parameters and variables associated
with main (magnetizing) flux; index fe is used for parame-
ters and variables associated with iron core loss representa-
tion; indexes s and r represent the stator and rotor, respec-
tively; and Us = [Uds, Uqs ]T , is = [ids , iqs ]T , ir = [idr , iqr ]T ,
im = [idm , iqm ]T , ψs = [ψds, ψqs ]T , ψr = [ψdr , ψqr ]T , ψm =

[ψdm , ψqm ]T , Q =
[

0 1
−1 0

]

.

Define the variables x = [L1si
T
s , L1r i

T
r , Lm iTm , Jω]T and

R1 = Rs + Rf e,R2 = Rr + Rf e . The system model of the in-
duction motor can then be expressed in the PCH form [29]

⎧
⎪⎪⎨

⎪⎪⎩

ẋ = [J(x) − R(x)]
∂H

∂x
+ g(x)U

y = gT (x)
∂H

∂x

(6)

where J(x), R(x), H(x), g(x), and U are defined in (7), shown
at the bottom of the next page.

Evaluating the change rate of the Hamiltonian function, we
can obtain the following energy balance equation:

dH

dt
=

[
∂H

∂x

]T

ẋ =
[
∂H

∂x

]T

[J(x) − R(x)]
∂H

∂x

+
[
∂H

∂x

]T

g(x)U

=
[
∂H

∂x

]T

[J(x) − R(x)]
∂H

∂x
+ yT U

= −
[
∂H

∂x

]T

R(x)
∂H

∂x
+ yT U.
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In the steady state of the motor model, we have

yT U =
[
∂H

∂x

]T

R(x)
∂H

∂x
. (8)

Substituting H(x), R(x), y, u of (6) into (8) yields

Udsids + Uqsiqs − Tlω = Rs

(
i2ds + i2qs

)
+ Rr

(
i2dr + i2qr

)

+Rf e

(
i2df e + i2qf e

)
. (9)

From (5), we obtain Te = TL in the steady state. Hence, the
loss model can be written as

Ploss = Udsids + Uqsiqs − Teω

= Udsids + Uqsiqs − Tlω

= Rs

(
i2ds + i2qs

)
+ Rr

(
i2dr + i2qr

)

+Rf e

(
i2df e + i2qf e

)
. (10)

In this paper, we consider the field orientation control theory.
Then, it follows that ψdr = ψ, ψqr = 0, and idr0 = 0 in the
steady state, and that

Ploss = Rs

(
i2ds0 + i2qs0

)
+ Rri

2
qr0 + Rf e

(
i2df e0 + i2qf e0

)
(11)

where the index 0 denotes the steady-state value.

III. LOSS MINIMIZATION ALGORITHM

Suppose that idm0 = kiqm0 (k > 0) in the steady state. It
follows by (2) that iqf e0 = −kidf e0 . By synthesizing (1), (2),
and (3), the steady currents can be described as follows:

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

ids0 = ψ/Lm + idf e0
iqs0 = ψLr/kL1rLm − kidf e0
idr0 = 0
iqr0 = −ψ/kL1r

idm0 = ψ/Lm

iqm0 = ψ/kLm .

(12)

Furthermore, with the support of (1) and (2), we have

⎧
⎪⎪⎨

⎪⎪⎩

ωs0 = −Rr

ψ
iqr0 =

Rr

kL1r

ω10 = −Rf ek

ψ
idf e0

. (13)

Then,

ωr0 = ω10 − ωs0 = −Rf ek

ψ
idf e0 −

Rr

kL1r
(14)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

J(x) =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0 ω1L1s 0 0 0 0 0

−ω1L1s 0 0 0 0 0 0

0 0 0 ωsL1r 0 0 −npx6

0 0 −ωsL1r 0 0 0 npx5

0 0 0 0 0 ω1Lm 0

0 0 0 0 −ω1Lm 0 0

0 0 npx6 −npx5 0 0 0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

R(x) =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

R1 0 Rf e 0 −Rf e 0 0

0 R1 0 Rf e 0 −Rf e 0

Rf e 0 R2 0 −Rf e 0 0

0 Rf e 0 R2 0 −Rf e 0

−Rf e 0 −Rf e 0 Rf e 0 0

0 −Rf e 0 −Rf e 0 Rf e 0

0 0 0 0 0 0 0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

H(x) =
1
2

(
L1si

2
ds + L1si

2
qs + L1r i

2
dr + L1r i

2
qr + Lm i2dm + Lm i2qm

)
+

1
2
Jω2

=
1
2

(
x2

1

L1s
+

x2
2

L1s
+

x2
3

L1r
+

x2
4

L1r
+

x2
5

Lm
+

x2
6

Lm
+

x2
7

J

)

U(x) = [Uds, Uqs ,−TL ]T , g(x) =

⎡

⎢
⎢
⎣

1 0 0 0 0 0 0

0 1 0 0 0 0 0

0 0 0 0 0 0 1

⎤

⎥
⎥
⎦

T

.

(7)
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which leads to that

idf e0 = −
(

ωr0 +
Rr

kL1r

)
ψ

Rf ek
. (15)

By (5), the torque can be expressed in the steady state as
follows:

Te = npLm (idr0iqm0 − iqr0idm0)

= np
L2

m

L1r
iqm0idm0 = np

ψ2

L1r k
. (16)

Define a =
√

L1rTe/np . From (16), we can obtain that

ψ =
√

L1rTe/np

√
k = a

√
k (17)

idf e0 = −
(

ωr0 +
Rr

kL1r

)
a

Rf e

√
k

. (18)

Substituting (12), (17), and (18) into (11), the loss of the
induction motor can be written as below

Ploss =
a2(Rs + Rf e)R2

r

R2
f eL

2
1r k

3 +
a2(Rs + Rf e)Rrωr0

R2
f eL1r k2

+
a2(L2

rRs + L2
m Rr )

L2
m L2

1r k
+

a2(Rs +Rf e)
(
ω2

r0 + R2
r

L2
1 r

)

R2
f ek

+
2a2RrRs

Rf eL2
1r k

+

(
a2(Rs + Rf e)

R2
f e

ω2
r0 +

a2Rs

L2
m

)

k

+2
Rf eRsa

2ωr0 + (Rs + Rf e)a2Rrωr0

R2
f eL1r

. (19)

Suppose that ωr and Te of the induction motor are given.
Then, a =

√
L1rTe/np can be determined. Note that (19) im-

plies that the loss of the induction motor is directly associated
with the parameter k. Differentiating the loss equation (19) with
respect to k yields

⎧
⎪⎨

⎪⎩

∂Ploss

∂k
= 0

k > 0
⇒

a2Rs

L2
m

+
a2(Rs + Rf e)

R2
f e

ω2
r0 − 3

a2(Rs + Rf e)R2
r

R2
f eL

2
1r k

4

− 2
a2(Rs + Rf e)Rrωr0

R2
f eL1r k3 −

a2
(
L2

rRs + L2
m Rr

)

L2
m L2

1r k
2

+ 2
RrRsa

2

Rf eL2
1r k

2 +
a2(Rs + Rf e)

(
ω2

r0 + R2
r

L2
1 r

)

R2
f ek

2 = 0.

(20)

Because each term on the left-hand side of (20) consists of
a2 , it is not difficult to find that the ratio k is only relevant to the
speed ωr . This implies that the motor losses reach a minimum
when the ratios of excitation currents in d and q axes satisfy
(20). Meanwhile, an optimal level of rotor flux for the minimum
loss is given by (17).

IV. ALGORITHM REALIZATION

A. Control Principle of PCH Systems

Proposition 1: For the system (6), let x0 be a desired equilib-
rium and Δx = x − x0 . Assume that there exist matrices g⊥(x),
Jd(x), Rd(x), and a differentiable scalar function Hd(x) such
that the following partial differential equation holds:

g⊥(x)[J(x) − R(x)]
∂H(x)

∂x

= g⊥(x)[Jd(x) − Rd(x)]
∂Hd(x)

∂x

(21)

where g⊥(x) is a left annihilator of g(x), and Hd(x) satisfies

llx0 = arg minHd(x) (22)
⎧
⎨

⎩

Jd(x) = J(x) + Jα (x) = −JT
d (x)

Rd(x) = R(x) + Rα (x) = RT
d (x) ≥ 0.

(23)

Construct a feedback control law as follows:

U = [gT (x)g(x)]−1gT (x)
{

[Jd(x) − Rd(x)]
∂Hd

∂x

−[J(x) − R(x)]
∂H

∂x

}

. (24)

Then, the closed-loop system can be presented in the follow-
ing PCH form:

ẋ = [Jd(x) − Rd(x)]
∂Hd

∂x
(25)

where x0 is a local stable equilibrium. Furthermore, if the largest
invariant set in

{

x ∈ Rn

∣
∣
∣
∣
∣

(
∂Hd(x)

∂x

)T

Rd(x)
∂Hd(x)

∂x
= 0

}

(26)

equals to x0 , the closed-loop system is asymptotically stable.
Proof 1: Let the right-hand side of system (6) be the right-

hand side of (25), we get the matching equation

[J(x) − R(x)]
∂H(x)

∂x
+ g(x)u = [Jd(x) − Rd(x)]

∂Hd(x)
∂x

.

(27)

Multiplying g⊥(x) to both sides of (27), we arrive at (21).
Notice that the expression of (24) comes from the deformation
of (27). Along the trajectory of (25), it follows that

dHd(x)
dt

=
(

∂Hd(x)
∂x

)T
dx

dt

= −
(

∂Hd(x)
∂x

)T

Rd(x)
∂Hd(x)

∂x
≤ 0. (28)

Hence, Hd(x) can be qualified as a Lyapunov function, which
can ensure that x0 is stable.

B. Controller Design

Choose

Hd(x) = H(x0) + H(x − x0) (29)
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where

Jd(x)=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0 J12 J13 J14 J15 J16 J17

−J12 0 J23 J24 J25 J26 J27

−J13 −J23 0 J34 J35 J36 J37

−J14 −J24 −J34 0 J45 J46 J47

−J15 −J25 −J35 −J45 0 J56 J57

−J16 −J26 −J36 −J46 −J56 0 J67

−J17 −J27 −J37 −J47 −J57 −J57 0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

,

Rd(x) =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

R11 R12 R13 R14 R15 R16 R17

R12 R22 R23 R24 R25 R26 R27

R13 R23 R33 R34 R35 R36 R37

R14 R24 R34 R44 R45 R46 R47

R15 R25 R35 R45 R55 R56 R57

R16 R26 R36 R46 R56 R66 R67

R17 R27 R37 R47 R57 R57 R77

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

.

Substituting Jd and Rd into (21) yields (30) and (31) shown
at the bottom of the page, where R11 , R12 , J12 , and R77 are ad-
justable parameters, which can ensure that Rd is a semipositive
definite matrix. Thus, Uds and Uqs can be expressed as follows:

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Uds = −R11(ids − ids0) + (J12 − R12)(iqs − iqs0)

+R1ids − ω1L1siqs + Rf e(idr0 − idm0)

Uqs = −R22(iqs − iqs0) − (J12 + R12)(ids − ids0)

+R1iqs + ω1L1sids + Rf e(iqr0 − iqm0).
(32)

If we choose R11 = R1 + r1 , J12 = ω1L1s , and R12 = 0, it
yields

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Uds = −r1(ids − ids0) + R1ids0 − ω1L1siqs0

+Rf e(idr0 − idm0)

Uqs = −r1(iqs − iqs0) + R1iqs0 + ω1L1sids0

+Rf e(iqr0 − iqm0)

(33)

where r1 is an adjustable parameter, having r1 > 0.

Jd(x)=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0 J12 0 0 0 0 0

−J12 0 0 0 0 0 0

0 0 0 −−RrL1r

ψ

(

iqr0 +
iqr

2

)

0 −npLm ω0 0

0 0
RrL1r

ψ

(

iqr0 +
iqr

2

)

0
RrLm iqm

2ψ
+

npLm ω0

2
Rf e

2
− RrLm idm

2ψ
0

0 0 0 −RrLm iqm

2ψ
− npLm ω0

2
0 ω10Lm 0

0 0 npLm ω0 −Rf e

2
+

RrLm idm

2ψ
−ω10Lm 0 0

0 0 0 0 0 0 0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(30)
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Fig. 2. Characteristic response of the induction motor in relation to state changes. Note that time histories of (a) speed, (b) torque, (c) stator currents, (d) rotor
currents, (e) field currents, and (f) losses before and after use of the PCH LMA are given.

V. RESULTS AND DISCUSSION

A. Simulation Tests

In order to verify the effectiveness of the proposed loss min-
imization scheme, simulation tests have been carried out on
an inlab induction motor driving system. The parameters ap-
plied to tests are listed as follows: Rs = 24.6 Ω, Rr = 16.1 Ω,
Rf e = 3000 Ω, L1s = 0.02 H, L1r = 0.02 H, Lm = 0.97 H,
J = 0.00035 Kg·m2 , and np = 1.

The first test set out to explore the EV induction motor adap-
tation to changing characteristic parameters. During the testing,
the rotational speed and the developed torque were altered. More
specifically, the test started with the load torque of 0.6 N·m and
the reference speed of 1000 r/min. The load torque suddenly re-
duced to 0.4 N·m at 0.5 s, whereas the reference speed increased
to 1500 r/min. Meanwhile, the PCH loss minimization scheme

is activated. Fig. 2 plots the responses of rotor speed, torque,
stator currents, rotor currents, and field currents before and after
use of the PCH LMA. Notice that the rotor speed and torque
could reach the expected speed swiftly within 0.2 s, while the
currents in d and q axis were converged to the expected values.
It only took about 0.2 s to complete the overall optimization.
Furthermore, plots of speed and torque response indicate that
the estimated working condition agreed well with the developed
one, which demonstrated a good performance of torque control
of the induction motor.

In the second test, we made some comparisons between dif-
ferent control conditions. Fig. 3 illustrates the controllable loss
at various speed levels with a load torque of 0.4 N·m. As can be
observed, compared to the control case without the PCH LMA,
the optimized induction motor with the PCH LMA exhibited
a smaller controllable loss over the entire speed range. Next,
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Fig. 3. Comparison of controllable losses with and without the PCH LMA.

Fig. 4. Comparison of controllable losses between the traditional optimization
algorithm and the proposed PCH LMA.

Fig. 5. Relationship between the rotor speed and the loss factor.

in terms of controllable loss, we compared the traditional op-
timization algorithm used in [17]–[19] and the proposed PCH
LMA under the same working conditions with a load torque of
0.4 N·m and a speed of 1500 r/min. As seen from Fig. 4, the
PCH LMA has a smaller controllable loss than the traditional
one. Furthermore, Fig. 5 compares the loss factor (k) between
the traditional optimization algorithm and the proposed algo-
rithm. Apparently, the proposed PCH LMA has a bigger loss

Fig. 6. Comparison of the rotor fluxes between the traditional and proposed
LMAs.

factor than the traditional one in the whole speed range, which
is the main reason for reduced loss in the PCH LMA.

Finally, we examined the rotor fluxes of the induction motor
by using both the conventional and proposed LMAs with dif-
ferent expected rotor speeds in Fig. 5. As illustrated in Figs. 6
and 7, the rotor flux increases as the torque increases, whereas
the rotor flux decreases as the rotor speed increases. It is also
observed that the proposed scheme has a smaller rotor flux than
the traditional one when an equally expected rotor speed is ap-
plied. It should be remarked that although there was little rotor
flux difference between the traditional and proposed LMAs, this
controllable loss reduction will become significant for large size
motors.

B. Discussion

As the induction motor can be viewed as an energy transfor-
mation device, in recent years, the framework of port-controlled
Hamiltonian systems has been increasingly employed to design
effective controllers for induction motors without considering
iron losses. However, most of these controllers ignoring the iron
losses cannot be directly applied to the EV drive system. To
solve this problem, we propose a new scheme to minimize the
loss consumption of induction motor by using the PCH sys-
tem’s energy balance equation. Moreover, a new model-based,
search-based method, and algorithm realization have been de-
veloped for each given steady-state condition. Remarkably, the
new loss model based on the system’s energy balance is more
accurate compared to the traditional loss model. In contrast to
the commonly used DTC schemes [9], [33], the algorithm re-
alization method based on the PCH system principle is easier
and more convenient in practice. We remark that, although only
simulation results are provided, the propelling induction motor
system will operate with lower losses by using the proposed
optimization scheme, when EVs work under similar conditions.

Another issue to be addressed is dynamic behavior of EVs.
Considering that the EV is driven with variable speed and loaded
with variable power, some dynamics results that are closely re-
lated to voltage regulation are presented, offering meaningful
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Fig. 7. Rotor fluxes under varying working conditions. (a) Rotor flux with the
conventional LMA. (b) Rotor flux with the PCH LMA. (c) Rotor flux difference
between the traditional and proposed LMAs.

paradigms for real-world applications. Testing results demon-
strate that the obtained dynamic behaviors are rather good at
state changes, which can ensure the safety and comfort charac-
teristics for the driver. Concerning the limitation of the proposed
PCH LMA, we would like to emphasize two aspects. On the one
hand, only steady state of the motor model is considered. On the
other hand, a relatively accurate model of the induction motor is
required to ensure applicability for EVs. Thereby, more realistic

future research will benefit from focusing on optimization of
EVs in some typical driving cycles.

VI. CONCLUSION

In this paper, we have presented a PCH scheme for EV in-
duction motor driving system with the main emphasis placed
on minimization of losses of an induction motor. Based on the
energy balance equation of the induction motor system by ad-
justing the ratio of the excitation current in the d-q axis, the
proposed LMA is developed with the consideration of the leak-
age inductance. The stability of the EV system can be guaran-
teed by utilizing the passive port-controlled Hamiltonian-based
techniques. Simulation results in different operating conditions
verify the effectiveness of the proposed controller. Compared to
the methods without the optimization algorithm and the tradi-
tional optimization algorithm, the performance of the induction
motor with the proposed LMA has been improved in terms of in-
creased efficiency and torque ripple minimization, which is well
suited for the EV system running in complicated and change-
able circumstances. Thus, the main contribution of this study
lies in offering a novel loss model of the induction motor for
the EV system. Since the proposed model is closely connected
with the actual energy storage system, it also provides a more
fundamental understanding of the energy saving problem.
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