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Abstract. A nonlinear feedback stabilizing controller technique for a hybrid excitation
synchronous machine (HESM) system is developed in this study. The desired control
law is designed using the immersion and invariance (I&I) technique. To ensure that the
equilibrium point is asymptotically stable and that all the overall closed-loop system tra-
jectories are bounded, the developed control mechanism is applied. A nonlinear dynamical
system of the HESM is used to demonstrate the technique’s effectiveness and practicality.
The simulation findings show that the approach can track speed even when there is a sud-
den load torque. It has the ability to reduce oscillations quickly and surpass the existing
nonlinear backstepping controller.
Keywords: Nonlinear control, Immersion and invariance, Hybrid excitation synchro-
nous machine, Backstepping

1. Introduction. The HESM was first proposed in [1]. The structure of HESM differs
from that of general excitation synchronous machines and permanent magnet synchro-
nous machines. It possesses a permanent magnet and field winding, and its two sources of
magnetization are concurrent. It has a broad development potential since it combines the
benefits of both permanent-magnet machines and excitation machines. Unfortunately, the
HESM is a strongly coupled extremely nonlinear multi-variable system. The high nonlin-
earity is caused by the coupling between speed and armature currents, and perturbations
such as inadequate modeling of uncertain parameters (armature winding resistance, mo-
ment of inertia and so on), as well as errors caused by sensors (angular position, angular
velocity), and discretization influences (delay, numerical errors).

As considerable effort has been done on saving energy and broad timing drive systems,
HESM has recently gained increased attention and has become one of the new research
hotspots. The majority of current HESM research [2, 3, 4] has been on machine design,
manufacturing, and test analysis, with little mention of speed regulation. Because the
HESM system is affine in control, it is natural to apply nonlinear system geometric theo-
ry to it. The HESM system is locally weakly controllable, strongly accessible, and locally
weakly observable, which are the key findings. Also, it is both input-output invertible and
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linearizable. As a result, a linear control strategy works well with the HESM. The linear
control technique is obtained by accurately eliminating nonlinear terms, which will result
in performance degradation. Moreover, the linear control approach cannot guarantee the
stability of a system when the equivalent equilibrium point, such as unknown parame-
ters or changing environmental temperatures, is changed. As a result, the linear control
technique will fail to ensure global stability within the servo drive’s scope.
To the best of the author’s knowledge, relatively little work has been devoted directly

applying nonlinear control theory to the construction of a feedback stabilizing nonlinear
controller for the HESM. An adaptive backstepping controller [5] for the HESM was de-
veloped to deal with nonlinear coupling and parameter uncertainties and to make the
HESM rotor speed track the desired rotor speed. Even if the resulting control law was
effective, it relied upon selecting the virtual control functions and its derivatives in each
step design to find out the final controller. In [6], a nonlinear H∞ controller design for
hybrid excited synchronous generators through AC/DC and DC/AC converters has been
presented with the help of the approximate linearization around a temporary operting
point. Sun et al. [7] proposed a feedback linearization decoupling sliding mode controller
design for a hybrid excitation synchronous generator motor. The obtained controller pro-
vided enhanced dynamic responses and decreased the torque and current ripples despite
the load disturbances. However, it was designed via feedback linearization method.
According to the aforementioned research, even if the nonlinear controller design strate-

gies above are effective, there are important disadvantages. In particular, backstepping
design is based on finding its derivatives in each step design to determine the final con-
troller, leading to the complexity problem in the design procedure. According to the result
of [6], the developed control was designed via the linearizing method, which may degrade
the system performance while changing the operating point. In [7], the presented control
relied on the combination of the feedback linearization method and sliding mode design,
which needs to select the output function and the sliding surface function to find the
desired controller. However, a suitable selection of both functions is not systematic.
This research therefore follows this line of investigation and focuses on an advanced

nonlinear controller design to make the rotor speed track the reference rotor speed for the
nonlinear HESM model. An immersion and invariance (I&I) control approach [8, 9] is used
to design the controller in this paper. The I&I control method’s control goal is to find a
stabilizing feedback controller. The obtained controller in this research can deal with the
“explosion of complexity” problem arising in backstepping and has the systematic design
procedure. Furthermore, the presented control outperforms backtepping control because
it can achieve high-performance speed tracking with asymptotic tracking with zero error.
As the above discussion, the followings are the main contributions of this work.

• An immersion and invariance control technique is proposed to tackle the HESM
speed tracking control problem, which has yet to be investigated, using a nonlinear
HESM dynamic model.

• With the help of Lyapunov theory, the closed-loop system’s signals are all bounded,
and the asymptotic tracking is achieved.

• The developed design technique is not complicated but effective and systematic when
compared to backstepping controller. In addition, the suggested controller shows
superior dynamic performance, such as less overshoot and faster oscillation reduction.

The rest of this paper is organized as follows. Section 2 presents a brief presentation of
dynamic model of the HESM system and the problem statement. Nonlinear I&I control
design is provided in Section 3. In Section 4, the simulation results are given to show the
effectiveness of the developed design. Finally, the paper is concluded in Section 5.
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2. HESM System Model. In the synchronously rotating rotor d-q coordinates, the hy-
brid excitation synchronous machine [5, 7] can be characterized by the following dynamical
equations:
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Lq

Pnωid −
R

Lq
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Lq

Pnω +
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uq,

i̇f = −MfRKid −MfLqKPnωiq − LfRfKif −MLfKud − LdKuf

(1)

with K = 1
LdLf−M2

f

, where ud, uq, and uf denote the d- and q-axes stator, and auxiliary

excitation winding voltages, respectively. id, iq, and if denote d- and q-axes stator, and
auxiliary excitation winding currents, respectively. R and Rf represent stator per-phase
and auxiliary excitation winding resistances, respectively; Ld, Lq, and Lf are d- and q-axes
stator, and auxiliary excitation winding inductances, respectively; Mf denotes the mutual
induction between auxiliary excitation winding and d-axis winding; Φa represents the flux
linkage of rotor permanent-magnet; Pn denotes the number of poles of the machine; ω
denotes the rotor speed in angular frequency; J represents the moment of inertia of the
machine and load; RΩ is the friction coefficient of the machine; and Tl represents the load
torque.

Remark 2.1. In this study, even though the load torque Tl, the friction coefficient RΩ, and
the moment of inertia J are regarded as constant values, these parameters are unknown in
practical HESM systems. The authors assumed that they are constants for only simplicity
to design the I&I-based controller. For future work, an adaptive I&I control design to
estimate these unknown parameters will be developed.

It can be observed that the input variables ud, uq, and uf are used in the HESM model.
These variables are suitable for the HESM system that is controlled by the voltage source.
The inputs to the model are affine, and no inputs appear in the first subsystem of (1).

In order to simplify the state-space equation of the system (1), let us introduce the
following state variables:

x1 = ω − ωr, x2 = id, x3 = iq, x4 = if (2)

where ωr denotes the reference input which needs to be tracked.
Therefore, we have the state variable vector employed in this design procedure as x =

[x1, x2, x3, x4]
T . After differentiating the state variables above, the dynamic model of the

nonlinear HESM system can be rewritten as an affine nonlinear system as follows.

ẋ = f(x) + g(x)u(x) (3)

with
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
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In addition, the region of operation is defined in the set D = {x ∈ R × R × R ×

R}. The open loop operating equilibrium is denoted by xe = [x1e, x2e, x3e, x4e]
T =

[0, ide, iqe, ife]
T .

Problem statement: The aim of this paper is to develop a nonlinear control voltage u(x)
for the HESM model with the help of immersion and invariance method. The developed
controller satisfies the followings: (i) the HESM rotor speed ω is capable of tracking the
desired rotor speed ωr and (ii) the overall closed-loop system is asymptotically stable at
the desired equilibrium (xe). And all the resulting closed-loop responses are bounded.
The following assumption and lemma are established in order to satisfy these required

objectives above.

Assumption 2.1. All state variables x1, x2, x3, x4 ∈ R are assumed to be measurable.

Lemma 2.1. [10] If the constants p > 1 and q > 1 are such that (p− 1)(q− 1) = 1, then
for all ǫ > 0 and all (x, y) ∈ R2 we have

xy ≤
ǫp

p
|x|p +

1

qǫq
|y|q (5)

If choosing p = q = 2 and ǫ2 = 2κ, the inequality above becomes

xy ≤ κx2 +
1

4κ
y2 (6)

For the developed design procedure in the next section, the I&I control design will be
developed to obtain a feedback stabilizing nonlinear control. In the following section, the
developed control is designed step by step to achieve the desired performances.

3. Nonlinear Control Design. This section introduces the concepts of immersion and
invariance (I&I). This section establishes the nonlinear I&I control algorithm for the
HESM model. The significant advancements are described in depth in the following two
subsections. The I&I control technique is described in the first subsection. The second
one is broken down into five parts: (i) select a target system with a lower dimension
than the one under consideration, (ii) find three mapping functions π2(x1), π3(x1), and
π4(x1), (iii) establish an implicit manifold, (iv) check manifold attractivity and trajectory
boundedness, and (v) determine the required control law.

3.1. Immersion and invariance control scheme. Immersion and invariance in con-
troller design is an advanced control method. The I&I technique, which was first intro-
duced in [8, 9], is advantageous for nonlinear system design, stabilization, and adaptive
control. The most important part of the I&I design is to immerse the original dynamical
system into a target system that can capture the behavior that is wanted from the sys-
tem. The method is based on the concepts of invariant manifolds and system immersion,
according to a generalized description. The original state variable of the system, x(t),
is changed into two new state variables, ξ(t) and z(t). A state whose dimension ξ(t) is
strictly lower than the state x(t) is the pre-specified target system. The transformation
that is used to introduce the two states indicated above also describes the system’s in-
variant manifold. The off-the-manifold state is a complement to the dimension of ξ(t)
and is referred to as z(t). The purpose of this technique is to find a stabilizing nonlinear
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feedback controller that keeps the original state x(t) bounded, the manifold invariant,
and the off-line manifold state z(t) asymptotically approaches the desired equilibrium.
Furthermore, the original state x(t) will settle to the desired equilibrium points with a
dynamic behavior similar to the goal dynamics.

This method can be used to address real-world challenges in controller design for a wide
range of systems, such as power systems [11, 12, 13, 14, 15], induction motors [16], quadro-
tors [17], DC-DC converters [18], unmanned aerial vehicles (UAVs) [19], flywheel energy
storage systems [20], and congestion tracking control for wireless TCP/AQM networks
[21].

The interested reader is recommended to [9] for additional information as well as ex-
amples of applications that are used in the real world.

The immersion and invariance strategy of a nonlinear controller design has never been
explored before for the nonlinear HESM model. In this study, the I&I technique is used
to suggest a nonlinear controller for the HESM. The following results [8, 9] will be utilized
to design a nonlinear controller for the HESM model.

Theorem 3.1. [8, 9] Consider the nonlinear system1

ẋ(t) = f(x) + g(x)u(x) (7)

with state x ∈ Rn and control input u ∈ Rm, and an assignable equilibrium point xe ∈ Rn

to be stabilized. Let s < n, and assume that there exist smooth mappings α : Rs → Rs,
π : Rs → Rn, c : Rn → Rm, φ : Rn → Rn−s, ϕ : Rn×(n−s) → Rm, such that the followings
hold.

(H1) (Target system) The system

ξ̇ = α(ξ) (8)

with state ξ ∈ R
s, has an asymptotically stable equilibrium at ξe ∈ R

s and xe = π(ξe).
(H2) (Immersion condition) For all ξ ∈ Rs

f(π(ξ)) + g(π(ξ))c(π(ξ)) =
∂π(ξ)

∂ξ
α(ξ) (9)

(H3) (Implicit manifold) The set identity

M := {x ∈ R
n| x = π(ξ) for some ξ ∈ R

s}

= {x ∈ R
n| φ(x) = 0} (10)

holds.
(H4) (Manifold attractivity and trajectory boundedness) All trajectories of the system

ż =
∂φ(x)

∂x
[f(x) + g(x)ϕ(x, z)]

ẋ = f(x) + g(x)ϕ(x, z) (11)

are bounded and satisfy

lim
t→∞

z(t) = 0 (12)

where z = φ(x) and u = ϕ(x, z).
Then, xe is an asymptotically stable equilibrium of the closed-loop dynamics

ẋ = f(x) + g(x)ϕ(x, φ(x)).

Refer to the proof of Theorem 3.1 [9] for more details. The following is a summa-
ry and interpretation of Theorem 3.1. The objective, given the original system and the

1It is assumed that all functions and mapping are smooth, i.e., C∞, throughout this paper.
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target dynamical system, is to determine a manifoldM satisfying the condition (H3). This
manifold can be rendered invariant and asymptotically stable. Also, it is such that the
well-defined restriction of the closed-loop dynamics to M which is described by the se-
lected target dynamics. Additionally, the control input u, which is capable of invariantly
defining the manifold, is not unique, as it is defined uniquely on only M. According to
condition (H4), one of the possible controllers can be chosen to drive the off-manifold
coordinate z to zero while simultaneously keeping the system signals bounded.

3.2. I&I controller design.

3.2.1. Target system. In accordance with Theorem 3.1’s requirement (H1), we design the

target system ξ̇ = α(ξ) as a one-dimension system that must be immersed in the four-
dimension one.
As the selected target dynamics as given in (13) in this paper, a first-order stable linear

system is used as the pre-specified target dynamical system in order to avoid the problem
of finding the solutions of partial differential equations (PDEs) required in the condition
(H2) of Theorem 3.1, which is a difficult problem to solve.

ξ̇1 = −kξ1 (13)

where ξ1 ∈ R denotes the state variable of the target system and k denotes a positive
design constant.

3.2.2. Immersion condition. This step involves determining the mapping function be-
tween the HESM and the selected target dynamical system. In accordance with the se-
lected target systems in (13), a mapping function π : R → R × R × R × R is selected
as

π(ξ) :=
[

π1(ξ), π2(ξ), π3(ξ), π4(ξ)
]T

(14)

where πi(ξ), i = 1, 2, 3, 4 represents the mapping function that needs to be constructed.
Following the condition (H1) of Theorem 3.1, it needs to take account of the following
constraints: ξ1e = x1e = 0, ξ2e = ideiqe, ξ3e = x3e = iqe, ξ4e = iqeife.
From the condition (H2), one of the major problems with the I&I scheme is how to solve

the partial differential equation (PDE) (9). The solution to the PDE may be achieved by
starting with x1 = π1(ξ) because the target system (the first-order stable linear system)
has the same dynamics as the HESM system. After taking the derivative of x1, one obtains

ẋ1 =
∂π1(ξ)
∂ξ1

ξ̇1. It is straightforward to choose π1(ξ) = ξ1, from (13); subsequently, we have

ẋ1 =
∂π1(ξ)

∂ξ1
ξ̇1 (15)

where ∂π1(ξ)
∂ξ1

= 1. When focusing on the term ẋ1 = ξ̇1 = −kξ1, let us define the mapping

functions π2(ξ) = π2(ξ1), π3(ξ) = π3(ξ1) and π4(ξ) = π4(ξ1) which are derived as

ẋ1 = ξ̇1 = −kξ1 = −
RΩ

J
(ξ1 + ωr) +

Pn

J
(Ld − Lq)π2 +

PnΦa

J
π3 +

PnMf

J
π4 −

Tl

J
(16)

Following the immersion condition (H2) in (9), π2(ξ1), π3(ξ1) and π4(ξ1) can be deter-
mined using the partial differential equation in (16).
From the selection of π(ξ), the target dynamics are reduced to the algebraic equations:

−kξ1 = −
RΩ

J
(ξ1 + ωr) +

Pn

J
(Ld − Lq)π2(ξ1) +

PnΦa

J
π3(ξ1) +

PnMf

J
π4(ξ1)−

Tl

J
(17)

From the expression above, we select a solution of the PDE as follows:
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π2(ξ1) =
J

3Pn(Ld − Lq)

(

−kξ1 +
RΩ

J
(ξ1 + ωr)

)

(18)

π3(ξ1) =
J

3PnΦa

(

−kξ1 +
RΩ

J
(ξ1 + ωr) +

3Tl

J

)

(19)

π4(ξ1) =
J

3PnMf

(

−kξ1 +
RΩ

J
(ξ1 + ωr)

)

(20)

It is seen that ξ1 is directly involved with the mapping functions π3.

3.2.3. Implicit manifold. Following the selection of the mapping functions π2, π3 and π4, it
immediately follows from the condition (H3) that the manifoldM is implicitly represented
by M = {x ∈ R×R×R×R| φ(x) = 0} where the mapping φ(x) = [φ1(x), φ2(x), φ3(x)]

T

is defined as

φ1(x) = x2x3 − π2(x1) = x2x3 −
J

3Pn(Ld − Lq)

(

−kx1 +
RΩ

J
(x1 + ωr)

)

(21)

φ2(x) = x3 − π3(x1) = x3 −
J

3PnΦa

(

−kx1 +
RΩ

J
x1 +

3Tl

J

)

(22)

φ3(x) = x3x4 − π4(x1) = x3x4 −
J

3PnMf

(

−kx1 +
RΩ

J
(x1 + ωr)

)

(23)

3.2.4. Manifold attractivity and trajectory boundedness. In this subsection, the controller
u = ϕ(x, z) = [ϕd(x, z), ϕq(x, z), ϕf (x, z)]

T is selected to ensure that all the closed-loop
system’s signals are bounded and eventually approach the manifold M. Let us introduce
z = [z1, z2, z3]

T where z1 = φ1(x) = x2x3 − π2(x), z2 = φ2(x1) = x3 − π3(x1) and z3 =
φ3(x1) = x3x4 − π4(x1) as the off-the-manifold coordinate; substituting ẋ1 into the ex-
pressions below, it is straightforward to obtain

ż1 = ẋ2x3 + x2ẋ3 − π̇2(x1)

= f2(x)x3 + (f3(x) + g32uq)x2 + g21(x)x3ϕd(x, z) + g23(x)x3ϕf (x, z)−
∂π2

∂x1
ẋ1

ż2 = ẋ3 − π̇3(x1)

= f3(x) + g32(x)ϕq(x, z)−
∂π3

∂x1
ẋ1

ż3 = ẋ4 − π̇4(x1)

= f3(x)x3 + (f3(x) + g32uq)x4 + g41(x)x3ϕd(x, z) + g43(x)x3ϕf (x, z)−
∂π4

∂x1
ẋ1

According to the condition (12) that ensures the boundedness of trajectories of the off-the-
manifold coordinate z = [z1, z2, z3]

T and limt→+∞ z1(t) = limt→+∞ z2(t) = limt→+∞ z3(t) =
0, we take ż1 = −γ1z1, ż2 = −γ2z2 and ż3 = −γ3z3, γ1 > 0, γ2 > 0, γ3 > 0 to ensure the
exponential convergence of z toward zero. Thus, one obtains

ż1 = −γ1z1 = f2(x)x3 + (f3(x) + g32uq)x2 + g21(x)x3ϕd(x, z) + g23(x)x3ϕf(x, z)−
∂π2

∂x1
ẋ1

ż2 = −γ2z2 = f3(x) + g32(x)ϕq(x, z)−
∂π3

∂x1
ẋ1

ż3 = −γ3z3 = f3(x)x3 + (f3(x) + g32uq)x4 + g41(x)x3ϕd(x, z) + g43(x)x3ϕf(x, z)−
∂π4

∂x1

ẋ1

3.2.5. The control law. Based on Theorem 3.1 and the expression above, the developed
control law is chosen as follows.
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u = ϕ(x, z) =
[

ϕd(x, z), ϕq(x, z), ϕf (x, z)
]T

(24)

with ϕd(x, z) = − 1
∆
(Ldv1 + Mfv2), ϕq(x, z) =

(

−γ2z2−f3+
∂π3
∂x1

ẋ1

)

g32(x)
, ϕf(x, z) = − 1

∆
(Mfv1 +

Lfv2), where

∂π2

∂x1

=
J

3Pn(Ld − Lq)

(

−k +
RΩ

J

)

,
∂π3

∂x1

=
J

3PnΦa

(

−k +
RΩ

J

)

,

∂π4

∂x1
=

J

3PnMf

(

−k +
RΩ

J

)

, v1 =
−γ1z1 − (f3(x) + g32uq)x2 +

∂π2

∂x1
ẋ1

x3
− f2(x),

v2 =
−γ3z3 − (f3(x) + g32uq)x4 +

∂π4

∂x1
ẋ1

x3
− f4(x), ∆ = KM2

f −KLdLf 6= 0,

where ẋ1 is given in (3). Notably, once the control input u is employed to drive the
closed-loop dynamics toward the manifold, the system behaves like the target dynamics.
To satisfy the condition (H4), it is necessary to prove that all signals of the closed-loop

system with the proposed control law ϕ(x, φ(x)), as well as the off-the-manifold coordinate
z, are bounded as given below:

ẋ1 = −
RΩ

J
(x1 + ωr) +

Pn

J
(Ld − Lq)x2x3 +

PnΦa

J
x3 +

PnMf

J
x3x4 −

Tl

J

= −
RΩ

J
(x1 + ωr) +

Pn

J
(Ld − Lq)(z1 + π2) +

PnΦa

J
(z2 + π3) +

PnMf

J
(z3 + π4)−

Tl

J
,

ż1 = −γ1z1,

ż2 = −γ2z2,

ż3 = −γ3z3 (25)

From the selected target dynamical system and the condition (H4), it is easy to observe
that x1 is bounded, and z1, z2 and z3 are the exponentially decaying functions, e.g.,
zi(t) = zi(0)e

−γit, i = 1, 2, 3. Based on the energy function W = 1
2
x2
1 +

1
2

∑3
i=1 z

2
i , and

some straightforward calculation with Lemma 2.1
(

ab ≤ a2

4ǫ
+ ǫb2 , ǫ > 0

)

and Assumption

2.1, we obtain

Ẇ = x1ẋ1 + z1ż1 + z2ż2 + z3ż3

= x1

(

−
RΩ

J
(x1 + ωr) +

Pn

J
(Ld − Lq)(z1 + π2) +

PnΦa

J
(z2 + π3)

+
PnMf

J
(z3 + π4)−

Tl

J

)

− γ1z
2
1 − γ2z

2
2 − γ3z

2
3

= x1

(

−
RΩ

J
(x1 + ωr) +

Pn

J
(Ld − Lq)z1 +

PnΦa

J
z2 +

PnMf

J
z3 −

Tl

J

)

− γ1z
2
1 − γ2z

2
2 − γ3z

2
3

= −kx2
1 +

Pn

J
(Ld − Lq)x1z1 +

PnΦa

J
x1z2 +

PnMf

J
x1z3 − γ1z

2
1 − γ2z

2
2 − γ3z

2
3 (26)

Using some straightforward calculation with Lemma 2.1
(

ab ≤ a2

4ǫ
+ ǫb2 , ǫ > 0

)

and

Assumption 2.1, we have

Ẇ ≤ −

(

k −
1

4ǫ1

(

Pn(Ld − Lq)

J

)2

−
1

4ǫ2

(

PnΦn

J

)2

−
1

4ǫ3

(

PnMf

J

)2
)

x2
1

− (γ1 − ǫ1)z
2
1 − (γ2 − ǫ2)z

2
2 − (γ3 − ǫ3)z

2
3 (27)
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with ǫ1, ǫ2, and ǫ3 as positive design constants.

According to the inequality above, by selecting k > 1
4ǫ1

(

Pn(Ld−Lq)
J

)2

+ 1
4ǫ2

(

PnΦn

J

)2
+

1
4ǫ3

(

PnMf

J

)2

, γ1 > ǫ1, γ2 > ǫ2, γ3 > ǫ3, it can be concluded that Ẇ ≤ 0. Therefore, it

immediately follows thatW(x1, z1, z2, z3) ≤ W(x1(0), z1(0), z2(0), z3(0)), thereby resulting
in boundedness of x1, z1, z2, and z3 together with limt→+∞ z1(t) = limt→+∞ z2(t) =
limt→+∞ z3(t) = 0. Also, this implies boundedness of π2(x1), π3(x1) and π4(x1). Finally,
x2, x3 and x4 are bounded from the fact that x2x3 = z1 + π2(x1), x3 = z2 + π3(x1) and
x3x4 = z3 + π4(x1).

The following proposition summarizes the I&I control design for the HESM model.

Proposition 3.1. Under Assumption 2.1, the overall closed-loop system (25) under the
developed control law (24) is asymptotically stable in xe. Also, all the signals of the closed-
loop system are bounded.

Proof: The proof of Proposition 3.1 is on the basis of the arguments given above.

Remark 3.1. The immersion and invariance (I&I) approach is utilized for the HESM
system because it has several benefits over other methods, especially backstepping, including
the following. (i) It breaks down the control design problem into smaller subproblems that
can be dealt with more easily in some cases. For example, in order to obtain the actual
control law for high-order systems, the backstepping design requires the repeated derivative
of virtual control functions. When the I&I design can determine an appropriate target
system that captures the required system behavior, the design approach is simplified, even
when developed for the same high-order systems. (ii) Not necessary is knowledge of a
(control) Lyapunov function. Evidently, the backstepping approach must develop a virtual
control function to stabilize the subsystem using the Lyapunov function at each design
step. For the presented I&I design, the Lyapunov function will be used to demonstrate
that all closed-loop system signals are bounded.

The proposed approach employed in this paper can also effectively address the following
drawbacks of the current nonlinear control systems: (i) it does not necessitate the repeating
derivative of virtual control functions and knowledge of a (control) Lyapunov function,
as opposed to backstepping; (ii) it is systematically designed, whereas slide mode design
focuses on finding an appropriate sliding surface; (iii) it can be immediately constructed
with the use of nonlinear control theory, regardless of the linearization techniques applied
close to the operational point; and (iv) the feedback linearization approach requires finding
the output function that transforms the original system to normal form, resulting in a
time-consuming and laborious computation, whereas the I&I method does not.

4. Simulation Results. This section presents performance verification and indicates
the effectiveness of the developed controller. The proposed controller is evaluated via
the simulations. Also, the performance of the proposed control scheme is evaluated in
MATLAB environment.

The physical parameters (pu.), the controller parameters, and initial parameters used
for this HESM model are as follows.

• The parameters of the HESM model [5] in (1) are R = 2.875 Ω, Rf = 2.5 Ω,
Ld = 0.0085 H, Lq = 0.008 H, Lf = 0.008 H, Mf = 0.0025 H, RΩ = 0.0002 Nms,
Pn = 2, Φa = 0.175 Wb, J = 0.0008 kgm2, ωr = 500 rad/s.

• The control parameters of the proposed controller are k = γ2 = γ3 = γ4 = 20,
ǫ1 = ǫ2 = ǫ3 = 1.

• Initial parameters ω0 = 1 rad/s, id0 = iq0 = if0 = 1 A.
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The time domain simulations are carried out via MATLAB environment. To evaluate
the effectiveness and feasibility of the designed controller, as given in (24), the performance
of the proposed controller is compared with that of the backstepping controller [10], as
given in (28).

• Backstepping controller (BSC) [10]






























uq(x) =
1

g32(x)

(

−c3y3 − f3(x) + α̇3 −
PnΦaz1

J

)

ud(x) = −
1

∆
(Ldv̄1 +Mf v̄2)

uf(x) = −
1

∆
(Mf v̄1 + Lf v̄2)

(28)

where y1 = x1 − ωr, y2 = x2 − α2, y3 = x3 − α3, y4 = x4 − α4, α2 = α4 = 0,
α3 =

J
PnΦa

(

−c1y1 +
RΩ

J
(z1 + ωr) +

TL

J

)

, v̄1 = −c2y2 −
Pn

J
(Ld − Lq)iqy1 − f2(x), v̄2 =

−c4y4 −
MfPn

J
iqy1 − f4(x), ∆ = KM2

f − KLdLf 6= 0. The controller parameters of
the backstepping control law are chosen as follows: ci = 20, i = 1, 2, 3, 4.

Further, the load torque used in the simulations is as follows:

Tl =







0.1, 0 ≤ t ≤ 0.6 s

1.5, 0.6 s < t ≤ 1 s

0.1, 1 s < t ≤ 1.5 s

The followings are the simulation results, which are presented and discussed. Figure 1
shows time responses of the HESM rotor speed ω, the d-axis current id, the q-axis current
iq, and the additional excitation current if under the proposed controller and backstepping
controller. Figure 2 illustrates time histories of the HESM rotor speed tracking error
x1 − ωr, the d-axis current tracking error z1, the q-axis current tracking error z2, and
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Figure 1. Controller performance – Rotor speed ω, d-axis current id, q-
axis current iq and additional excitation current if under the proposed
controller and backstepping controller
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Figure 2. Controller performance – Time responses of rotor speed tracking
error x1 − ωr, d-axis current tracking error z1, q-axis current tracking error
z2 and additional excitation current tracking error z3 under the proposed
controller and backstepping controller

the additional excitation current tracking error z3 under the proposed controller and
backstepping controller.

From these figures, it is clear that the provided control law improves dynamic perfor-
mance more than the backstepping method. It can be observed from Figure 2 that all
tracking errors x1 − ωr, z1, z2, and z3 of the proposed control can fast converge to zero
compared with those of the backstepping. For these time responses, it is obvious that
dynamic (transient) performances, such as fast reduction of oscillatory overshoot and
shorter settling time, are enhanced. It is noted that, even if the backstepping controller
can meet the conditions outlined in the paper’s goal, it provides poorer transient perfor-
mance when compared to the proposed controller. Also, according to Equations (21)-(23),
the off-the-manifold coordinates z1, z2 and z3 depict the manifold M implicitly described
by φ(x) → 0, as expected.

In summary, the simulation results show that the provided method performs better than
the backstepping design and provides satisfactory dynamic performance as evidenced by
the quick dampening of oscillations across all time trajectories. It is evident that the
HESM rotor speed can track the reference rotor speed ωr. Further, with the suggested
control strategy, all the signals of the closed-loop dynamics are bounded.

5. Conclusion. In this study, the nonlinear controller has been designed using the im-
mersion and invariance control technique. The simulation results have suggested that the
proposed control mechanism is effective. It can not only keep all signals of closed-loop
system trajectories stable and bounded, but also make the rotor speed tracking error
rapidly converge to zero according to the desired requirements. In terms of improved dy-
namic control performance, the presented approach surpasses the backstepping method.
Furthermore, the findings demonstrate that the proposed controller is effective at dealing
with the rotor speed tracking problem and enhancing transient performance in the face of



150 E. MUJJALINVIMUT AND A. KANCHANAHARUTHAI

abrupt load torque changes. Future research will focus on how to implement this strategy
to develop an adaptive immersion and invariance control method for the HESM model
with unknown parameters. The implementation of this approach to design a finite-time
command filtered backstepping controller [22] for the HESM model will also be the subject
of future research.
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