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ABSTRACT. In this research, a nonlinear feedback stabilizing controller technique is de-
veloped for a hybrid excitation synchronous machine (HESM) system. Utilizing the dy-
namic surface method, the desired control law is designed. The developed control mech-
anism ensures that all closed-loop system trajectories are semi-globally uniformly and
ultimately bounded. A nonlinear dynamical system of the HESM is used to demonstrate
the effectiveness and applicability of the technique. The simulation results indicate that
the method can maintain speed even in the presence of a sudden load torque. It is capable
of rapidly reducing oscillations and outperforming the existing nonlinear controller such
as the backstepping controller.

Keywords: Nonlinear control, Dynamic surface control, Hybrid excitation synchronous
machine

1. Introduction. The HESM was initially suggested in [1]. HESM differs structurally
from both general excitation synchronous machines and permanent magnet synchronous
machines. It has a permanent magnet and field winding, and its two magnetization sources
are concurrent. As it combines the benefits of both permanent magnet machines and
excitation machines, its development potential is vast. Unfortunately, the HESM is a
multivariable, strongly coupled, extremely nonlinear system. The high nonlinearity is a
result of the coupling between speed and armature currents, as well as perturbations such
as inadequate modeling of uncertain parameters (armature winding resistance, moment
of inertia, etc.), sensor errors (angular position, angular velocity), and discretization in-
fluences (delay, numerical errors).

HESM has recently gained increased attention and has become one of the new research
hotspots as significant effort has been made on energy savings and broad timing drive
systems. The vast majority of current HESM research [2, 3, 4] has focused on machine
design, manufacturing, and test analysis, with little emphasis on speed regulation. Speed
control of electric motors and machinery is ubiquitous in contemporary society, as is well
known. The list of devices requiring speed control is extensive, ranging from household
electrical appliances used in the garden and garage to large industrial facilities with con-
veyor belts, pumps, and machine tools. Clearly, the speed control is a direct indicator
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of the machine’s operation and is crucial to the quality and outcome of the work. The
HESM, however, is a novel structural machine that differs from both general excitation
synchronous machines and permanent magnet synchronous machines. Therefore, there is
currently no effective method for controlling the HESM’s speed. In addition, this research
focuses on the development of an advanced nonlinear speed regulation.

Because the HESM system is affine in control, applying nonlinear system geometric
theory to it is natural. The key findings are that the HESM system is locally weakly
controllable, strongly accessible, and locally weakly observable. It is also input-output
invertible and linearizable. As a result, a linear control strategy complements the HESM
well. The linear control technique is obtained by precisely removing nonlinear terms that
degrade performance. Furthermore, when the equivalent equilibrium point, such as un-
known parameters or changing environmental temperatures, is changed, the linear control
approach cannot guarantee system stability. As a result, the linear control technique will
fail to provide global stability within the scope of the servo drive.

To the author’s knowledge, relatively little research has focused on directly applying
nonlinear control theory to the development of a feedback stabilizing nonlinear controller
for the HESM. To handle nonlinear coupling and parameter uncertainties and make the
HESM rotor speed track the desired rotor speed, an adaptive backstepping control de-
sign [5] was developed. Even if the resulting controller was effective, finding the ideal
controller required choosing the virtual control functions and their derivatives at each
stage of the design. A nonlinear H,, controller design [6] for hybrid excited synchronous
generators via AC/DC and DC/AC converters has been presented with the aid of ap-
proximate linearization around a temporary operating point. In order to control a hybrid
excitation synchronous generator motor, in [7], Sun et al. proposed a feedback lineariza-
tion decoupling sliding mode controller design. The obtained controller improved dynamic
responses and decreased torque and current ripples despite load disturbances. However,
the feedback linearization method was used in its design.

Even if the aforementioned nonlinear controller design strategies are effective, there
are significant drawbacks, according to the aforementioned research. The developed con-
trol was created using the linearizing method, which may reduce system performance
while changing the operating point, according to the result of [6]. In order to find the
desired controller reported in [7], the presented control combined the feedback lineariza-
tion method with a sliding mode design, which required choosing the output function and
the sliding surface function. It is not systematic to choose both functions appropriately,
though. Backstepping design, in particular, is centered on determining the final con-
troller by discovering its derivatives in each step, resulting in a systematically developed
approach. Although the backstepping approach is a powerful control design technique
that has been successfully applied to a number of real-world systems, it has a significant
drawback. This drawback is the “explosion of complexity” issue, which results from the
repeated differentiations of virtual control functions. It occurs frequently in large-scale
systems, making it challenging to compute the time derivative of the virtual control func-
tions at each design procedure. This increases the complexity of the final control law. A
concept of dynamic surface control design [9, 10] is proposed to eliminate the problem
of repeated differentiations of the virtual control variables in order to overcome this dis-
advantage. It is observed that such virtual control variables pass via a low-pass filter at
each design stage, hence preventing the derivative of virtual control variables.

This research continues this line of investigation and focuses on an advanced nonlinear
controller design to make the rotor speed follow the reference rotor speed for the nonlinear
HESM model. In this paper, the controller is designed utilizing a dynamic surface control
(DSC) method. Finding a stabilizing feedback controller is the control objective of the
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DSC control method. The controller developed in this study has a systematic design
process and can address the “explosion of complexity” issue brought on by backstepping.
Another advantage of using DSC is that it considerably relaxes the requirement for the
smoothness of plant functions and the desired signal. As a result, the DSC technique
has been used to construct simplified nonlinear feedback stabilizing as well as adaptive
controllers for uncertain nonlinear systems. In addition, the DSC control design has been
effectively applied to a wide range of practical systems [12, 13, 14, 15].
As discussed previously, the following are the primary contributions of this work.

e Using a nonlinear HESM dynamic model, it is suggested that a dynamic surface
control method be used to solve the previously unexplored HESM speed tracking
control problem.

e The closed-loop system’s signals are all semi-globally uniformly and ultimately
bounded thanks to Lyapunov theory, which also enables asymptotic tracking based
on a suitable selection of the design parameters.

The rest of this paper is organized as follows. Section 2 is a brief presentation of dynamic
model of the HESM system and the problem statement. Nonlinear dynamic surface 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.

2. HESM System Model. The hybrid excitation synchronous machine [5, 7] is char-
acterized by the following dynamical equations in the synchronously rotating rotor’s d-q
coordinates:

(. Rg P, .. P9,  P,M;. 1
w:7w+7(Ld—Lq)zqzd+ 7 iq+ 7 quf—sz,
ig=—LiRKiq+ LiL,K Pywi, + MyR;Ki; + LKuy— M;Kug, 0
: —Ly , R My _ d, 1
tg = ——Pwiqg — —i; — —Pwif — — P,w + —uyg,

! Lq Lq ! Lq Lq Lq !
L ;if = —MfRK’id - MquKiniq - LfRfKif - MLfKud - LdKUf
with K = W, where ug, 1y, and uy denote the d- and g-axes stator, and auxiliary

excitation winding voltages, respectively. 44, 74, and iy denote d- and g-axes stator, and
auxiliary excitation winding currents, respectively. R and Ry represent stator per-phase
and auxiliary excitation winding resistances, respectively; L4, Ly, and Ly are d- and g-axes
stator, and auxiliary excitation winding inductances, respectively; My denotes the mutual
induction between auxiliary excitation winding and d-axis winding; ®, represents the flux
linkage of rotor permanent-magnet; P, denotes the number of poles of the machine; w
denotes the rotor speed in angular frequency; J represents the moment of inertia of the
machine and load; Rgq is the friction coefficient of the machine; and T; represents the load
torque.

Remark 2.1. In this study, it can be seen that the load torque T}, friction coefficient Rq,
and moment of inertia J have constant values. However, these parameters are unknown in
HESM systems in practice. For the sake of simplicity, the authors assumed that they were
constants while developing the dynamic surface controller. For future work, an adaptive
dynamic surface control design will be designed to estimate these unknown parameters.

It is clear that the HESM model contains the input variables g4, 14, and uy. The HESM
system, which is managed by the voltage source, can use these variables. The model’s
inputs are affine, and the first subsystem of (1) contains no inputs.
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Firstly, let us introduce the following state variables to simplify the system’s state-space
equation:

Tl =W — Wy, Ty =14, T3 =1qg, Ty =1y, (2)

where w, denotes the reference input which needs to be tracked.

Therefore, the state variable vector used in this design procedure is denoted as z =
(21, 29, 3, 24]7. The dynamic model of the nonlinear HESM system can be rewritten as
an affine nonlinear system as follows after differentiating the state variables mentioned
above:

i = f(x) + g(v)u(x) (3)
with
[ R P, P,®, P,.M T 7
v _79(x1+wr)+7(Ld_Lq)$2$3+ 7 T3 + 7 f$3x4—jl
fi(x)
i) fo() —LfRKxy + LyL,KP,wxs
xTr) = fnd
—L M P )
J3(2) — P wr, — Exg — L pwr,— —Pw
fa(z) Ly L, Lq Lq
| MfRKLL’Q - MquKinxg - LfRfKSL’4 ]
0 0 0 0 0 0
921(517) 0 923(17) LfK ’ _MfK td
pr— pr— 1 p—
g(l’) 0 g32(x) 0 0 L_ 0 ) u(!lf) Zq . (4)
ga1(z) 0 9a3() q f

—M;K 0 LK

In addition, the region of operation is defined in the set D = {x € Rx R xR xR}. The
. oy . . T . . . T
open loop operating equilibrium is denoted by . = [T1e, o, T3e, Tae] = [0, Gde, ge, Tre] -
The following assumption, definition, and lemmas are established in order to satisfy
these required objectives above.

Assumption 2.1. All state variables x1,xs, x5, x4 € R, are assumed to be measurable.

Remark 2.2. In this work, the authors assumed that all states are measured only for
the sake of simplicity to design the dynamic surface controller. In future work, we will
propose an output feedback controller via dynamic surface control design.

Definition 2.1. Consider the nonlinear system
I(t) = f(Iat)>
where x(t) € R™ is the state vector. Its solution is said to be semi-global uniformly and

ultimately bounded (SGUUB) if, for x(0) € €, which is a compact set, there exist two
constants o and T'(o,2(0)), such that ||x(t)|| < o is held for all t >t 4+ T(o,x(0)).

Lemma 2.1. [8] If the constants p > 1 and ¢ > 1 are such that (p —1)(¢ — 1) = 1, then
for all € > 0 and all (x,y) € R? we have

< _Ep‘x|p _1 ly|* (5)
T + .
Y= g€t Y
If choosing p = q¢ = 2 and €2 = 2k, the inequality above becomes

1
ry < ka? + ﬂyz. (6)

For simplicity, provided that k = %, it is straightforward to obtain the following inequality
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2y

< 4+ 7

Ty S 5+ (7)

Lemma 2.2. [8] Let V(t) € R be a non-negative function of time on [0,+o00) which
satisfies the differential inequality

VY <aV +0b, (8)

where a € R and b € R are positive constants. Then the function V(t) satisfies the
following inequality:

V(t) < e V(0) + 2 (1—e*), Vt €0, +00). 9)

Additionally, when time approaches infinity, V(t) will become Z

Problem statement: The goal of this paper is to use the dynamic surface control method
to develop a nonlinear control voltage u(x) for the HESM model. The developed controller
meets the following requirements: (i) The HESM rotor speed w can track the desired rotor
speed w,, and (ii) The overall closed-loop system trajectories are semi-global uniformly
and ultimately bounded.

To obtain a feedback-stabilizing nonlinear control, a dynamic surface control design will
be developed for the next section’s developed design procedure. The developed control is
designed step-by-step to achieve the desired performance in the subsequent section.

3. Nonlinear Control Design. The concepts of a dynamic surface control strategy are
introduced in this section. The nonlinear stabilizing feedback control algorithm for the
HESM model is established in this section. The following two subsections go into detail
about the significant advancements. The first subsection describes the dynamic surface
control technique. The second examines closed-loop system stability using Lyapunov con-
trol theory.

3.1. DSC control design. The proposed control procedure is developed step by step as
follows.

Step 1: First, we focus on the first subsystem (3) and (4), and then let us define the
error surface S; = w1 — x4. In order to accomplish stability for the error surface Si,
differentiating S; with respect to time yields

. R P, P2, P.M I, .
S, = —7Q(x1 + wy) + 7(Ld — Ly)xoxs + 7 Ut Ly — 7l — g (10)

From (10), the state variables x5, x3 and x4 are viewed as virtual control inputs; there-
fore, the desired feedback controllers as, ag, ay are be selected as

J . T,  Rq
_ _ b, e 11
Q9 3Pn(Ld—Lq)< /{?151+l’1d+J‘|‘ J(z1+wr)>, ( )
J . T, R
Qg = 3.5, <—k151 + T19 + 7l + TQ(Z'l + wr)> ; (12)
J . T, R
ay = ?)Pan (—lel —+ T1d + jl + 79(1'1 + w,,)) s (13)

where k; is a positive design constant. Let us introduce new state variables xog, T34, T4q
and let aw, as, ay pass through the following three first-order filters with time constants
Ty, T3 and 74 to obtain the dynamics of xo4, T34, T4q:

. . o — X
Totaq + Tag = o, T24(0) = a2(0) = d9q = 2772(1’ (14)
2
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Q3 — T34

Ta¥3q + T3a = @3, 34(0) = 3(0) = @39 = — (15)
3
. , oy — T
TuT4q + Taq = g, 040(0) = (0) = Bgg = 47_74[1- (16)
4
Step 2: Define the second surface, the third surface, and the fourth surface as
So = ToTz — Tag, (17)
Sg = T3 — X34, (18)
54 = X3T4 — T4d- (19)
Then, by calculating the derivative of (17)-(19), we have
Sg = i’gl’g + LL’Qi’g — i’gd
= (fo(x) + g2ruq + gos(@)uy)xs + (f3(x) + gsa(w)ug) s — T2g
= _k2527 (2())
S3 = fa(z) + g32(T)ug — T3q = —k3Ss, (21)
Sy = @374 + T3Fs — Fug
= (fs(@) + gsa(@)ug)rs + 23(fa(2) + gur (x)uq + gus(x)uy) — T4a
- _k4S47 (22)

where ko, k3 and k4 are positive design constants. Also, &94, 34, and Z44 can be directly
computed from (14)-(16).

Step 3: Finally, after defining the second, the third and the fourth surfaces in Step 2,
we have the time derivative of S5, S3 and S along the system trajectories as shown in
(20)-(22). Therefore, a suitable selection of the control laws (ug, uf, u,) to achieve the
stability is given as follows:

, 1
=- Lavy + Myvy),
U T (KM = KLaLy) o Mre2)
1
=— Myv + L
o m@—Ku%(f“+fW’ (23)
1 a3 — T3q
Uy = —k3Ss — folw) + 2T
\ q 932(:(:) 33 f3( ) 3
Where V1 = —]{7252 — fg(.ﬁ(])l‘:g — Igfg(l') — Igggg(iﬁ)uq + —QQ;;M and Vg = —]{7454 — I4f3($) —

x3fa(x) — g2 (z)xgu,+ =24, For simplicity, it is observed that the functions fa(x), f3(x),

T4

fa(x), and gso() are obtained from (3) and (4).

3.2. Stability analysis. This subsection examines the stability analysis for the proposed
scheme. This section’s goal is to prove that the closed-loop system possesses the prop-
erty of semi-globally uniformly and uniformly ultimate boundedness. First, consider the
surface and boundary layer errors’ time derivatives as follows:

( Sl = —]{3151 + 7)2(52 + 62) + 7)3(53 + 63) + P4(S4 + 64),

Sy = —kySs,
Sy = —k3Ss, (24)
Sy = —kySy,

ék:_%+Bk(51>"'75kae2a'~->6k)> k:2>3’4
Tk

\
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Po(Lg—L PuM )
M, Ps = P"f“, Py = LTf Also, e = xq — ay is the boundary layer

where Py =

error. By(-) is a{:ontinuous function defined as follows:
[ Ba() = —da = —g‘;‘le - gj;acld - gzzw
Bs(1) = —ds —ngi’l - gxoix'ld - gfj@r, (25)
\ By(-) = —dy = —ngi”l - gjlzild - ngwr-

Therefore, the HESM model’s dynamic control design can be summed up as follows.

Theorem 3.1. Under Assumption 2.1, consider the closed-loop dynamics consisting of
the HEMS (3) and (4) and the control law (23). If there exists a set of suitable design
parameters k;, ¢, (i =1,2,3,4, k = 2,3,4) satisfying
ki =k —P2—P2—P?>0,ky=ky—05>0,ks=ks—05>0, ky =ky —0.5>0,
1 B 1 1 B 1 _ 1 B
=——-——=—-—=>0 =————-—=>0 =———>0
< T2 271'2 2 » 3 T3 27’(‘3 2 ) T4 27’(‘4 ’
(26)
such that all trajectories of the overall closed-loop dynamics are semi-globally uniformly
and ultimately bounded.

Proof: We define the Lynapunov function as

4 4
1
V=2 Vit e (27)
j=1 k=2

The time derivative of V' along trajectories (24) is as follows:

4 4

i=1 k=2

= Sl (—/{?151 + 732(52 + 62) + Pg(Sg + 63) + 734(54 + 64)) — k’2522 — /{?353% — /{?452
4

€k

+> e <—T—k + Bk). (28)
k=2

For j =1,2,3,4, k=2,3,4and p > 0, the set ) := Z?:l ‘/j+2i:2 ez < 2p is compact
set in R”. According to the property of continuous function, we know that By(-) has a

bound on €, such that |By(+)| < By, k = 2,3, 4. Based on the Young’s inequality (Lemma
2.1), we have the following inequalities:

PyS1Sy < PZZS% + %22 i %g (29)
PyS1S; < P?ZS% + %’% PySrey < LAST | %3 (30)
Pusisy < T3 %‘% PiSies < P‘ES% + %‘2* (31)
ek<—i—:+Bk)§—(%—2B—7i)ei+%,k:2,3,4. (32)

From the inequalities above, one has
V= — (ky — P2 — P2 —P2) S? — (ky — 0.5)52 — (ks — 0.5)52 — (ks — 0.5)S?
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4 = 4
— — - == —. 33
Z(Tk 273 2)ek+ 2 (33)
k=2 k=2
After selecting k1 = ki — P2 — 7>§ —Pi >0, ky = ko —05 >0, ks = ks — 0.5 > 0,
hi=ki—05>0, =12 _1s0¢g=2L1_D0_159¢;=1_25_ 159
4 — M : 702_7'2 2o 2> 703_7'3 273 2> 704_7'4 27y 2> » We
obtain
k :min{151,%2,%3,]%4,62,63,64} > 0. (34)
After that, the following inequalities hold.
V < —kV +1L (35)
After solving Inequality (35) and using Lemma 2.2, we obtain
IT IT
0< V() < (V(O) - ;) e + - (36)

From (36), it can be inferred that V(t) eventually settles down to . This means that

all the trajectories of the closed-loop dynamics are semi-globally uniformly ultimately
bounded. In particular, it implies that S;, e, are all semi-globally uniformly ultimately
bounded. This completes the proof.

4. Simulation Results. The performance verification and efficacy of the presented con-
troller are shown in this part. The simulations are used to evaluate the proposed controller.
Additionally, the effectiveness of the suggested control method is assessed in MATLAB
environment.

This HESM model uses the following physical parameters (pu.), controller parameters,
and initial parameters:

e The parameters of the HESM model [5] in (1) are R = 2.875 Q, Ry = 2.5 Q,
Ly = 0.0085 H, L, = 0.008 H, Ly = 0.008 H, My = 0.0025 H, Rg = 0.0002 Nms,
P,=2, &, =0.175 Wb, J = 0.0008 kg:m?, w, = 500 rad/s.

e The control parameters of the proposed controller are k; = 20, ky = 0.1, k3 = 10,
k’4 = 01, Tg = T3 = Ty = 0.01.

e Initial parameters wy = 1 rad/s, Iy = Ij0 = Iy = 1 A.

The time domain simulations are carried out via MATLAB environment. To investigate
the system dynamic performance of the designed controller, as given in (23), in the system
under study. The performance of the proposed controller is compared with that of the
backstepping controller [8], as given in (37)

e Backstepping controller (BSC) [§]

( o 1 . an)azl
o) = o (e = o) 4= 5,
1
ud(a:) = —Z (Ldﬁl + MfQ_JQ) y (37>
1
up(z) = =3 (MyO1 + LyTs)

\
where Yy = &1 — wr, Yo = T2 — G2, Ys = X3 — A3, Yg = Ty — Oy, G = Oy = O
g = Pan) ( C1Y1 —|— (21 + wr) + T—JL), U1 = —CoYg — %(Ld )qul f2( ) =
—CalYs — zqyl f4( ), A= KM; — KLqLy # 0. The controller parameters of
the backstepplng control law are chosen as follows: ¢; = 20, i = 1,2, 3, 4.
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Moreover, the following load torque was applied in the simulations:

0.1, 0<t<0.6s,
T, = 1.5, 06s<t<1s
0.1, 1s<t<1l5s

The simulation findings are given and analyzed in the sections that follow. The time
responses of the HESM rotor speed w, the d-axis current ¢4, the g-axis current i,, and the
additional excitation current 7; under the proposed controller and backstepping controller
are shown in Figure 1. The time responses of the HESM rotor speed error surface Sy, the
d-axis current error surface Ss, the ¢-axis current error surface S3, and the additional
excitation current error surface S; are shown in Figure 2 under the proposed controller
and backstepping controller.

It is evident from these figures that the proposed control law enhances dynamic per-
formance more than the backstepping technique. Figure 2 shows that, in contrast to
backstepping, all error surfaces Sy, S, S3, and S, of the proposed control can quickly
converge to zero. It is clear that dynamic (transient) performances, such as rapid de-
crease of oscillatory overshoot and reduced settling time, are improved for certain time
responses. It should be emphasized that, although the backstepping controller can satisfy
the requirements stated in the paper’s goal, it performs worse during transients than the
suggested controller. The simulation results ultimately show that the suggested strategy
works better than the backstepping methods. Additionally, it has an acceptable dynamic
performance, as shown by the quick dampening of oscillations across all time trajectories.
It is evident that the reference rotor speed w, can be tracked by the HESM rotor speed.
Additionally, all closed-loop dynamics signals are constrained by the suggested control
approach.

1000

n n Proposed control
500 MRS Backstepping control[™|
0! ‘ ) |

0 0.5

w (rad/s

0 0.5

(A
/

[

0 0% Time(s) L

FiGURE 1. Controller performance — Rotor speed w, d-axis current i4, g-
axis current i, and additional excitation current i; under the proposed
controller and backstepping controller
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Proposed control

0 (AR Backstepping control

a
o
o
‘ l

0 0.5

0 0.5

Sa, Y2

"AAAAAAAAA
L

S3,Y3
e

[

0 0.5 Tlme(S) 1 15

F1GURE 2. Controller performance — Time responses of rotor speed track-
ing error S; = x; — w,, d-axis current tracking error S, g-axis current
tracking error S5 and additional excitation current tracking error S; under
the proposed controller and backstepping controller

The quantitative results demonstrating the percentage overshoot and the settling time
of the rotor speed responses of both the proposed and backstepping controllers are as
follows to demonstrate the efficacy of the developed method: It has been found that the
proposed method has a percentage overshoot of around 5.09%, while the backstepping
method has a percentage overshoot of around 90.6%. Furthermore, the proposed method
has a setting time of 0.26 seconds, whereas the backstepping method has a setting time
of around 0.48 seconds. Based on these findings, it is easy to conclude that the designed
controller outperforms the backstepping design.

In practice, it is well known that it is impossible to create a perfect dynamic model of the
system under consideration. It must therefore look into how robust the suggested controller
is to changes in system parameter. For the robustness investigation of the developed
controller, the system parameter variation must be taken into account. Particularly, the
system’s parameter, or moment of inertia J, can be uncertain. In addition, it can be
challenging to determine the exact value. Therefore, it is important to evaluate how
robust the resulting controller is to this variation.

A test of robustness was conducted by changing the parameter from its nominal value,
i.e., the moment of inertia J. Specifically, a +30% variation in the value of J is taken into
account in this study. In comparison to the system responses under normal conditions,
Figure 3 demonstrates that the proposed scheme can still provide consistent control perfor-
mance despite system parameter variation. The obtained controller is therefore insensitive
to parameter variation.

Remark 4.1. It is well known that the HESM is a multivariable, strongly coupled, and
extremely nonlinear system despite the robustness test’s study. The coupling between speed
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0 0.5 Tlme(S) 1 15

FiGURE 3. Controller performance — Rotor speed w, d-axis current i4, ¢-
axis current i, and additional excitation current iy under the parameter
variation of the moment of inertial (Solid: nominal value, Dashed: +30%,
Dashdotted: —30%)

and armature currents, as well as disturbances like inaccurate modeling of uncertain pa-
rameters (armature winding resistance, moment of inertia, etc.), sensor errors (angular
position, angular velocity), and discretization influences, are the main causes of the high
nonlinearity (delay, numerical errors). The HESM controller should be completely de-
signed with the adaptive control laws overcoming the unknown parameters, in particular
the moment of inertia J, friction coefficient Rq, and the load torque T, which will be
reported in the future, in order to deal with the high nonlinearity.

In conclusion, the simulation results demonstrate that the proposed method outper-
forms both the backstepping design. Also, it provides satisfactory dynamic performance,
as demonstrated by the rapid damping of oscillations across all time trajectories. Clearly,
the HESM rotor speed is able to track the reference rotor speed w,. In addition, with the
proposed control strategy, all closed-loop dynamics signals are semi-globally uniformly
ultimately bounded.

5. Conclusion. The dynamic surface control technique has been used to design the
nonlinear controller in this study. The simulation results indicate that the proposed control
mechanism works well. It can not only keep all signals of closed-loop system trajectories
stable and all semi-globally uniformly ultimately bounded, but it can also rapidly converge
to zero according to the desired requirements. The presented approach outperforms the
backstepping method in terms of improved dynamic control performance. Furthermore,
the results show that the proposed controller is effective at addressing the rotor speed
tracking problem and improving transient performance in the face of abrupt load torque
changes. Future research will concentrate on how to put this strategy into action in order
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to develop an adaptive backstepping nonsingular terminal sliding mode method [16] for
the HESM model with unknown parameters.
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