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The construction of a backstepping-sliding mode control using a high-gain
observer's neural network for torque estimation is presented in this research.
The correctness of the load torque data is crucial to solving the two-mass
system control issue. The article suggests a radial basis function neural
network topology to handle load torque estimation. When a non-rigid drive
shaft is present, the predicted value is merged with backstepping-sliding mode
control to ensure speed tracking performance. The closed-stability loop is
demonstrated analytically and quantitatively to prove it. Additionally, a high-
gain observer-based structure is used to compare the effectiveness of the
proposed control. The effectiveness of the proposed control structure is
demonstrated by MATLAB simulation.
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1. INTRODUCTION

The challenge of speed tracking control in a dual mass system with flexible driving shafts is examined
in this work. The stability of the two-mass system is reduced by this unsolved issue when operating over the
whole speed spectrum, but notably in the low-speed range [1] and [2]. The target is to lessen the effects of
disturbances to the moment of inertia, torque, and soft coupling, impacting the quality of this two-mass system.
Therefore, this system needs a control method or mechanical solution is required. There are speed control
techniques for the two-mass system (TMS) in use right now, including PID, PI-D, sliding mode, flatness-based,
backstepping, fuzzy, and more. Because of its ease of controller construction and parameter change, PID
controllers are frequently used in traditional management [3].

Nevertheless, the PID controller is constrained to a few operational areas since the two-mass system is
a nonlinear drive system. In the other works [4], and [5], optimization techniques are used to develop the digital
modified-IPD (m-IPD) controller for the speed loop of a two-mass system. The driving mechanism, therefore,
reacts to the specified load speed precisely. Additionally, the flux and rate of the elastic coupling drive system are
controlled using flatness-based control in [6]—[8]. The drive mechanism can run in a weakening field area and the
entire base speed range. According to the simulation's findings, the drive system can produce quick and precise
reactions (flux, speed, torque) and prevent mechanical oscillation.

On the other hand, the flux and speed of the system are controlled via the backstepping control method
in [9], and [10]. The simulation findings demonstrate the suppression of the drive's mechanical oscillation;
nonetheless, speed response experiences delay in reaction to changes in system parameters. Azzaoui et al. [11]
also provided a design strategy for a speed load fuzzy controller to lessen vibration for three mass resonance
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systems. This controller reduces shaft oscillation. On the other hand, the controller hasn't been examined and
tested for resilience when interference affects the drive system. In other drive applications, slide mode control
(SMC) is a practical, straightforward nonlinear control method. However, this controller needs knowledge about
the system, the upper bounds of the uncertainty components, and the inevitable chattering phenomena [12].
Various control techniques mentioned earlier sought to lessen torsional vibrations at the shaft. In addition, when
designing controls for TMS, all state variables are often assumed to be available [13]-[16].

The estimate of state variables for the two-mass system, such as moving horizon estimation, Luenberger,
Kalman filter, and neural network, is actively researched to improve the control system's performance and
simplify the control structure. The fundamental issue is that during the operation of this drive system, it is
challenging to estimate the state variable precisely. Ikeda and Hanamoto [17] discusses the challenges of using
tools to estimate horizon movement and rebuild state variables while enhancing the control structure of a two-
mass MHE system. Korondi et al. [18], a modified fuzzy Luenberger Observer is used to identify necessary
dynamic states based on the inaccuracy between the reference and estimator outputs, the other discrepancies
between electromagnetic and shaft torque, and its derivatives. Fuzzy systems use these signals to establish where
the observer poles are [18].

The benefits of the Kaman filter with time-varying parameters can also be viewed as system noise and
taken into account while designing. Therefore, this filter has the potential to be more effective than Luenberger
observers in terms of parameter identification. Additionally, they appear well adapted when it comes to
simultaneous estimation of physical parameters and states, which calls for an adjustment of feedback gain [19].
Currently, [20]-[22] network's ability to adapt makes them effective instruments for sensing system states without
any prior understanding of the dynamics of the system. This study gives radial basis function neural network
observer estimations of the load moment (RBF-NN). In flexible joint manipulators, the research [23] and [24]
uses a nonlinear neural network in its parameterization. Without a previous understanding of system dynamics,
the observer demonstrates its benefits while interacting with the highly nonlinear system.

This study introduces a backstepping-sliding mode controller with an RBF neural network (RBF-NN)
observer for the speed loop to achieve accurate angular speed matching with the angular reference speed.
Additionally, because the torsion shaft dynamics are taken into account in aggregate control, a control strategy based
on this model may considerably enhance the performance of the transmission system, such as control precision and
torsional oscillation reduction. Finally, simulations validate the viability and efficacy of the suggested approach.

The remainder of the essay is organized as follows. The driving system modelling is shown in the first
part. The second section demonstrates how RBF-NN handles the load torque observer while backstepping-sliding
mode control is used to create the speed control loop. The high-gain load torque observer based on backstepping
sliding mode control is presented in the third part for comparison and evaluation with the RBF-NN observer. The
simulation results in the final part demonstrate the effectiveness of the control mechanism before some
recommendations and viewpoints are offered.

2. MODELING OF A TWO-MASS-SYSTEM
Typical structure of a two-mass system is shown in Figure 1 and Figure 2. The drive system can be
described by the following linear dynamical in (1) [25].

( wy = jk'(7} =T
. L
TS = KS((UM - (A)L) (1)
oy = (T, = T)
M

Where w,,, w; are motor speed, load speed; T,, T, and T, are motor, load and shaft torque, respectively; B, is
shaft damping coefficient; K is shaft stiffness; J, is inertia load torque.
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Figure 1. Structure of a two-mass system
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Figure 2. Structure of the mathematical model of a TMS

DESIGN OF BACKSTEPPING-SLIDING MODE CONTROLLER COMBINED WITH
INTELLIGENT TORQUE OBSERVER
According to Lyapunov's theory, the backstepping design approach often considers the entire system's

stability. Therefore, accurate mathematical modelling is necessary to regulate the disturbance. The controller
is integrated with the neural network load torque observer to solve the issue by updating the weight value. The
architecture of the neural network load torque observer and backstepping-sliding mode control may be summed
up as:

i)

Step 1: Determining reference shaft torque
In this step, the tracking error for actual motor angular speed with reference motor angular speed is defined
as (2):

e, = W, — Wy 2

Where w,, w4 are actual and reference load angular speeds. Consider the following positive definite
Lyapunov function for this step with V; function is chosen as (3):

1
Vy = EeLZ 3)
The derivative of in (3) gives:
: . . . 1 .
Vi=eeé, =e(w,—wg)=e (E (T, —T,) - ‘ULd) 4)
From in (4), taking T, as the virtual control, it is suggested that the reference shaft torque is designed as (5):

Toa =T, = JL(—@pa + c1e1) 5)

Where T is load torque estimation which is provided by the neural network; c,is a positive coefficient.
Step 2: Determining reference load angular speed.
Shaft torque error e, is defined as (6):

ers =Ty — Tsq (6)
Substituting in (5) into in (4) result’s in (7):

1 1 A
7, ELers + HeL(TL -T,) (7

Vi =e (]l (ers + Tsqa — T) — (de) =—cief +
L
The Lyapunov candidate function is chosen at this step as (8):
1
VZ b Vl + Ee%s (8)
Taking the derivative of in (8) gives in (9):

. . . 1 . 1 ~
V, =V + ersérs = —cref + eTs(EeL + Ky(wy — ) — Tsq) + HeL(TL - TL) )
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Based on NN observer, load torque T, and load torque estimation T} is defined as (10):
TL = WTh

Where WTis weight value of RBF, WTdenotes weight value estimation; h is radial-basis function vector in
the hidden layer of RBF; ¢ is an error. Gaussian function value for neural net i in hidden layer is shown as (11):

llwr—cill
hi = exp(— =520 (11)

Where c; denotes value of center point of the Gaussian function of neural net i for the ith input, b;represent
the width value of Gaussian function for neural net i. In this case, assuming that ¢ is ignored leading to
W =W — W. In (9) can be rewritten as (12):

VZ = —ef + eTS(ieL + KS(UJM - (JJL) - Tsd) + ieL(WTh - WTh)
= —ef +ers(ey + Ko(wy — @) = Tea) + e, WTh (12)
In (12) indicates that the reference load angular speed is defined as (13):

Tsa—caers 1
w =———-——¢ tw 13
Md K JLKs L L ( )

With the virtual control defined as in (13), (12) can be rewritten as (14):
V, = —cef + eTs(ieL + Ky(wy — ) — Teg) + ieL(VT/Th —WTh) = —cief — ce?s +

Le,WTh (14)
JL

iii) Step 3: In this final procedure, actual control input T, is designed via the selection of the following surface
to increase the robustness of the system. We choose the sliding surface as (15):

s = a(wy — Wma) (15)

Where w4, wy are actual and reference motor angular speed. The Lyapunov candidate function with
sliding surface combined with RBF neural network observer is defined as (16):

V=V, + %sz +%trace(WTI’W) (16)
Then derivative of (16) with respect to time given by (17):
y y : T T 2 2 1 .
V=V,+ss+tr (W FW) = —cief — Cefs + sa (—(Te —-T,) — de) +
. Jm
tr(WT(]i eLh+TW)) (17)
L
Consequently, the motor torque control law of the two-mass system is chosen as (18):
. J
To = Jutma + Ts — 2 (c3 sgn(5) + ¢45) (18)

Where « is a coefficient of the sliding mode control to reach a fast steady-state. The adaptive law of RBF-
NN observer is given as (19):

W=-r-1len (19)
JL
Then, the derivative of the Lyapunov candidate function (16) results in (20):
V = —cief — c,e?; — c35ign(s)s — c,s? (20)

where ¢, ¢, c3 and ¢, are the positive constant that determine the closed-loop dynamics, as in Table 1.
From (21), V < 0, thus the stability of the control system is guaranteed.
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Table 1. System parameter

System parameter Value
Iu 0.1 kgm?
IL 0.01 kgm?
K 20 Nm/rad

4. DESIGN OF H-GAIN LOAD TORQUE OBSERVER

For the two-mass systems, a high-gain observer coupled with backstepping-sliding mode control is
also examined in addition to the NN observer for estimating load torque disturbance. In (11) and (19), the
angular speed error and actual angular speed are all that the NN observer needs to know, but the shaft torque
control rule is more important to the high-gain observer. For example, let's say that (1) now reads as (21):

=T, —J 0, (21)
T denotes observed load torque by using HGO, then estimation error of load torque is defined as (22):

T=1—-1 (22)
The dynamic of observed load torque tis designed as (23):

== (T, —Jyo, — 2) (23)
Where 1/ ¢ is observer gain. Load torque estimation error dynamic is given as (24):

2 1. .

T=—-T+1 (24)
Combining observed load torque 7 with backstepping-sliding mode control, (5) is rewritten as (25):

Tqe =T —JL(—wrq +cre1) (25)

In order to analyse the stability of the high-gain torque observer-based backstepping-sliding mode control,
Lyapunov candidate function V; is defined as (26):

1 1. 1 1
VT=E€f+ET2+5€72~S +ESZ (26)

Substituting the law controls (25), (13), and (18) into derivative of (26) results in (27):

V.= —ce? + ﬁe,j + (—if + ‘t) — et + sa(i (T, —T,) — @ugq) (27)
Then (17) is expressed as (28):

(o)t (0 - )P G i e assas Q)
Simplifying (28), we obtain as (29):

V, <=V +¢ (29)
Where constants 4 and ¢ satisfy that as (30):

11 1 } (30)

/’1=min{c -, = ——,0C,,C
Vomlze ay Pt

In (29) implies that the high-gain load torque observer-based backstepping-sliding mode control is input-to-
state stability (ISS).

Intelligent torque observer combined with backstepping sliding-mode control ... (Vo Thanh Ha)



2560 O3 ISSN: 2088-8694

5.  SIMULATION RESULTS

Figure 3 depicts the backstepping sliding mode control- neural network control framework for a two-
mass system. The target to check the precision and accessibility of the method, the suggested adaptive
controller is simulated in the MATLAB/Simulink environment and compared to the model-based strategy. The
following are the simulation parameters listed in Table 1. Control value parameter such as « =2; ¢;=13; ¢,=65
;c3=25; ¢,=30. Furthermore, the RBF neural network observer's parameters are chosen as in Table 2.

Table 2. Observer parameter

System parameter Value
3 - Bl
c linspace(—30,30,n)
b 0.25
(" Backsptepping Silding Mode Control-Neural Network controller )
| [T siammodecomrar |
RBF Neural ]
| network |
| - | o | Switching | | |
T control signal
28
| Torque virtual Ty . Speed virtual “ Sliding || g T. | Two-mass
| control signal control signal Surface system T
o q T. | O
| Backsptepping Control |
—————— e ———— »| Equivalent I
| control signal |
| - |
| I
I I
SN ——

Figure 3. Control structure of B-SMC-NN observer for two-mass system

Figure 4 shows the responses of the two controllers compared to the reference value. It can be seen
that backstepping-sliding mode control-neural controller generated an angular load speed that is considerably
close to the desired value. However, the unknown factor combined with the disturbance exists in the system.
Otherwise, these adverse elements significantly affect the BSMC performance when its load speed is quite
different from the reference. Likewise, the angular motor speed results show the corresponding performance
in Figure 5.

12

12z

——BSMC
= L . BSMC neural

10

W, {rads)
WM (rad/s)

0 20 40 60 80 100 0

Time (5) 0 éD 4‘0 SIO B‘D 100
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Figure 4. Load angular speed Figure 5. Motor angular speed
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Figure 6 displays the load speed errors, with the BSMC method's highest value of roughly 0.9 rad/s.
Additionally, the BSMC's number changes following the unidentified load moment, but the neural-based
controller's number continuously oscillates within a tolerable range around zero.

Error WL (rad/s)

0 20 40 60 80 100
Time (s)

Figure 6. Load angular speed error

The simulation assumes that the load moment is a variable influenced by outside noise from system
vibration. Therefore, the load moment is unknown for the model-based controller employing backstepping
aggregated with sliding mode control (BSMC). On the other hand, the suggested neural network can
approximate a suitable value for unknown components even when the bounded disturbance impacts it, thanks
to an adaptive rule developed based on the Lyapunov standard. As a consequence, Figures 7 and 8 show the
results of the BSMC in combination with RBF-NN (BSMC neural), which show the improved control
performance.

Figures 7 and 8 show the two controllers answers about the reference value. The load angular speed
produced by the BSMC neural controller is quite near the target value. However, the system is disturbed and
contains an unknown component. Otherwise, when the load speed is sufficiently different from the standard,
these negative factors significantly impact the BSMC performance. Similar findings for motor angular speed
are shown in Figure 9, which corresponds to the performance.
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Without Observer
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1 1 1 1 1 Il s == 'EBFNN
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Figure 7. Load angular speed
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Figure 8. Motor angular speed
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Figure 9. Load angular speed error

Figure 9 displays the load speed errors, with the BSMC method's highest value of roughly 0.9 rad/s.
Additionally, the BSMC's number varies following the unidentified load moment, but the BSMC neural-based
controller's number consistently oscillates within a tolerable range around zero. Figures 10 and 11 also show
motor torque and shaft torque responses. Again, the BSMC neural-based controller reacted to the needed shaft
torque in a way that matched load torque estimations and actual value. The neural network's estimated
performance is shown in Figure 12. Generally, the output value follows the actual value during the time under
consideration. In addition, suitable load moment values are continually produced for the controller to ensure
system stability.
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Figure 10. Motor torque
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Figure 11. Shaft torque
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Figure 12. Load torque observers comparison
CONCLUSION

This study assumes that the stator currents controller generates the necessary torque at the motor shaft

in an electrical drive system with flexible couplings between the motor and the load. In addition, the system's
speed control issue is resolved using backstepping-sliding mode control and an RBF-NN observer. This control
technique eliminates mismatched noise while regulating the actual angular speed to meet the target angular
velocity of the motor and load. The simulation results demonstrate its ability to provide quick and precise
reactions and reduce mechanical oscillation in the two-mass system.
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