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Research on improved
cable-length-adaptive sensorless
vector control for drives of
Induction motors in deep-sea
oilfields

Zitao Jin* and Yonghong Deng*

Institute of Information Control, North China Institute of Science and Technology, Langfang, China

Introduction: This paper addresses the issue of the insufficient adaptability
of existing vector control algorithms to filter and compensate for long cable
parameters (under the influence of parasitic impedance, parasitic capacitive
reactance, and parasitic inductive reactance), which leads to unresolved stability
and harmonic issues in long-cable drives for deep-sea oil fields.

Methods: By establishing the complete system transfer function of filter-cable-
motor, providing the Lyapunov proof of asymptotic stability, a sensorless vector
control algorithm based on Lyapunov theory was proposed. This paper also
quantified the analysis of variations in long cable parameters over time in
the deep-sea environment and incorporated it into the proposed long cable
model. A Lyapunov function was constructed. For further analysis of the
stability of the proposed function, the long cable health model was introduced
and verified. Simulations were conducted under various frequencies, work
situations, and with the introduction of time-sensitivity parameters for long
cables. The improved algorithm demonstrates certain adaptability to time-
sensitivity parameters and improves the torque and current response of the
induction motor.

Results: Experimental verifications on no-load startup, sudden load, and sudden
unload were carried out. The Fast Fourier Transform (FFT) simulation results
demonstrate that during 10 Hz no-load operation, the Total Harmonic Distortion
(THD) decreases from 8.28% to 5.41%; during 30 Hz no-load operation, it
decreases from 7.70% to 4.45%; while during 50 Hz no-load operation, it drops
from 4.41% to 4.37%. The THD at 10 Hz, 30 Hz, and 50 Hz frequencies drops by
2.87%, 3.35%, and 0.04% respectively.

Discussion: Future work will focus on applications in deep-sea oil extraction and
on further improving the simulations and experiments.

induction motor, vector control algorithm, long cable, filter, deep-sea oil extraction

1 Introduction
1.1 Background of the deep-sea oilfield extraction

Induction motors are widely used in various industrial scenarios, which are crucial
equipment for deep-sea oil extraction (Xia et al., 2018; Chien and Bucknall, 2007;
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Liang et al., 2015), as they enhance the efficiency and output of
oil production. A majority of extracted oil is obtained through
induction motors (Yao, 2002; Bonczar, 2022; Avery, 2023), which
are cost-effective, stable, and reliable. These devices typically require
variable frequency drives (VFDs) for operation (Rahman and Salim,
2019; Singh and Naikan, 2018; Sprovieri, 2014; Callegari et al., 2023).
During extraction, induction motors are usually installed at the base
of deep-sea oil platforms.

VEDs, commonly composed of IGBTs (three-phase or two-
phase), are controllable devices that offer stability, closed-loop
operation, and adaptability to various control algorithms based on
operational requirements. Consequently, VEDs are widely utilized
in induction motor control.

To control VFDs, achieve inversion to supply power to an
induction motor, vector control algorithms, direct torque control
algorithms, and control algorithms that use the sliding mode
observer can be employed. The vector control algorithm, as a
widely used control method, exhibits excellent characteristics for
controlling induction motor (Yaseen and Al-Khazraji, 2025; Hasan,
2025; Das and Chatterjee, 2025). Its features are effective, direct
control, and stable performance. Due to the traditional vector
control algorithm not being able to directly measure the three-
phase voltage and three-phase current of the induction motor when
long cables are added (Smochek et al., 2016; Liang et al., 2014), the
stability decreases. Traditional vector control may have the problem
of inaccurate estimation of rotor flux linkage (Lekhchine etal., 2014),
and may exhibit higher harmonic distortion and poor motor starting
performance under conditions of a long cable.

1.2 Previous studies and the research
content of this paper

1.2.1 Previous research and comparison with this
paper

The previous research (Deng. et al., 2019), as shown in Table 1,
a m model for long cables was established for the first time,
which compensates for voltage and current deviations through
coordinate transformation, thereby improving the starting torque.
The simulation and experiment of 50 Hz no-load and sudden load
start-up are carried out. There is no quantitative analysis of the
THD metric and no stability proof. Specifically, it didn’t add the
function to the system’s transfer function, didn’t prove its stability,
didn’t analyze the parameters of the long cable that introduces time
sensitivity, and didn't perform any field test and verification under
actual deep-sea conditions.

Reference (Tao et al., 2024) proposed a novel super-twisting
algorithm-based sliding mode observer for the multi-vector model-
free predictive control (STASMO-MVMPC) method, applied to
permanent magnet synchronous motors, which improved control
performance. Reference (Liu et al., 2025) by reducing the number
of voltage vectors and calculating the operating time of each level
based on volt-second balance, the voltage balance issue of the
inverter is resolved, offering the advantages of simplicity and low
loss. Reference (Zhu et al., 2024) proposes an improved decoupling
control method combining the grey wolf optimization algorithm
and LSSVM, with mathematical model derivation conducted.
The proposed algorithm demonstrates superior performance.
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Reference (Qiao et al., 2025) proposes a multi-vector direct model
predictive torque control algorithm, which optimizes the issue of
difficulty in guaranteeing the optimal characteristics of voltage
vectors. Comparisons with recent control strategies demonstrate
its excellent stability and dynamic response. Reference (Dursun,
2023) proposed a Runge-Kutta (RK) algorithm, featuring a robust
mathematical structure, that addresses the high-dimensional issues
of asynchronous motors by employing control algorithms such as
FDB-RK, RK, etc. Reference (Adamczyk and Orlowska-Kowalska,
2024) established an observer-based vector control algorithm for
induction motor control. Reference (Boukhilietal., 2022) proposes a
current sensing disturbance control algorithm to address the critical
importance of current in vector control, requiring a method to
detect current loss. The proposed control algorithm demonstrates
effective detection performance and improves motor and generator
performance. Reference (Feng et al., 2024) to address the issue of
reduced accuracy in LIM speed identification caused by system
disturbances, a speed observation method based on the Coleman
filter is proposed, which enhances the effectiveness of the LIM
algorithm. Reference (Qin et al., 2015) introduced an improved
PID controller aimed at enhancing acceleration performance, and
its effectiveness was verified through comparisons with other
controllers. As shown in Table 1, recent studies (Tao et al., 2024)
have improved the dynamic response of multi-vector control. The
simulation results show that the proposed method has better
performance than the general algorithm in dynamic speed, THD,
and torque fluctuation. The THD metric is analyzed quantitatively,
but it is an open-loop stability hypothesis (Dursun 2023). proposed
a Runge-Kutta (RK) control algorithm, which can induce the high-
dimensional problem of motor tracking through mathematical
methods. The developed RK algorithm was tested and verified on the
CEC17 benchmark problems in a 30-dimensional search space. The
reference was statistically analyzed, and it puts forward the problem
of the unquantified “robustness under parameter perturbation”.

1.2.2 The content studied in this paper

The principle of the routine vector control algorithm involves
detecting the three-phase output voltage and current of the VFD,
which are then transformed into two-phase voltage and current in
the d-q coordinate system via a Park transformation. The speed and
flux estimation unit estimates the speed and flux of the induction
motor. The two-phase current is fed back through the rotating park
transformation to the stator voltage generation unit. Finally, these
signals generate PWM waves to control the VFD, achieving closed-
loop control of the induction motor.

As shown in Table 1, this paper constructed a mathematical
model of the entire system by developing models for long cables
and filters, by calculating the voltage and current on the induction
motor side from the voltage and current on the VFD’s side, to
achieve its adaptability. Specifically, the transfer function of the
entire system under the long-cable vector control algorithm is
derived, proposing a stability proof based on Lyapunov functions,
and the error transfer function is formulated and subjected to
stability verification. The results demonstrate that the stability
constant is greater than 0, indicating the system is asymptotically
stable. Then, the Lyapunov functions and functions of the long-
cable model with time-sensitivity introduced are proposed and
analyzed. To further validate the correctness of algorithmic stability
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TABLE 1 Comparison with previous studies.

Dimension

10.3389/fenrg.2025.1642687

This paper

improves

Innovation value

Theoretical principle Cable m model and Improved the dynamic

Proposed a Runge-Kutta

System transfer function

From “Experience

assumption

forward the problem of
the unquantified
“robustness under

parameter perturbation”

coordinate response of multi-vector (RK) algorithm with a and Lyapunov proof, and Optimization” to “Strict
transformation control robust mathematical the analysis of the Stability”
framework, which changes in long cable
tackles high-dimensional parameters over time,
problems of and the influence of the
asynchronous motors via deep-sea environment
control algorithms on the comprehensive
indicators of long cables
Experiments or 50 Hz no-load and Simulations were carried The developed RK Simulations were The dynamic
simulations sudden-load startup out, and the simulation algorithm based on FDB conducted under performance and
simulations and results show that the was tested and verified different operating stability are improved
experiments proposed method on the CEC17 conditions at frequencies
outperforms the benchmark problems in of 10 Hz, 30 Hz, and
conventional methods in a 30-dimensional search 50 Hz. Moreover,
terms of dynamic space experiments were
convergence speed, carried out on induction
THD, and torque ripple motors under different
operating conditions
THD metric Not quantified Quantified Statistical analysis was 10 Hz, 30 Hz, 50 Hz Reduce harmonic
conducted dropped by 2.87%, distortion and improve
3.35%, 0.04% dynamic response
performance
Proof of stability None Open-loop stability This reference puts Asymptotically stable, A new solution is

analyzed, and proposed
the Lyapunov stability of
the model and the long
cable model that
considers the
time-sensitivity

provided

and quantify performance improvement percentages, simulations
were conducted on rotor current, torque, and rotor speed under
various starting conditions: no-load startup, loaded startup, and
instantaneous loading at different frequencies, no-load startup with
the introduction of time-sensitivity parameters for long cable,
and then, experimental verifications on no-load startup, sudden
load, and sudden unload were carried out. By comparing the
original algorithm with the improved version, it is demonstrated
that the improved vector control algorithm, under long cable
conditions, simulating parasitic inductance, parasitic capacitance,
parasitic resistance, improved torque, speed, and current waveforms,
enabling smoother operation, and has certain adaptability to time-
sensitivity parameters. The theoretical value of the method proposed
in this paper is that it goes from “Experience Optimization” to
“Strict Stability” The value of experiment and simulation is that the
dynamic performance is improved and the stability is increased.
The value of the THD metric is to reduce harmonic distortion and
improve dynamic response performance. On the proof of stability, a
new solution is provided.

Additional FFT simulations were performed for 10 Hz, 30 Hz,
and 50 Hz no-load operating. The THD measurements reveal:

1. For 10 Hz:
improvement 5.41%.

Pre-improvement THD was 8.28%, post-

Frontiers in Energy Research

2. For 30Hz: Pre-improvement THD was 7.70%, post-
improvement 4.45%.
3. For 50Hz: Pre-improvement THD was 4.41%, post-

improvement 4.37%.

THD frequencies 10 Hz, 30 Hz, and 50 Hz dropped by 2.87%,
3.35%, and 0.04%, which are crucial for induction motors. Cable
capacitive reactance increases at low frequencies (The capacitance
value is C = 0.29 uF/km), easily triggering harmonic oscillations.
However, the improved algorithm prevents shutdowns caused by
inadequate heat dissipation; if not resolved, induction motor repairs
require production stoppages exceeding 30 days.

The improved control algorithm significantly reduces THD in
operating current.

Chapter 2 of this paper presents the models of long cables and
filters, Chapter 3 details the improved vector control algorithm,
Chapter 4 covers simulations and experiments, and Chapter 5
provides the conclusions.

2 Model of long cables and filters

The long cables and filters are treated as a mathematical model to
filter the adjustable PWM wave output from the VED. This model is

frontiersin.org
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- 1km long cabl
model

FIGURE 1
Circuit model of long cables and filters.
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FIGURE 2 FIGURE 4
Filter u-phase model. w-Phase model of filter.

Figures 5-7, they respectively represent the two-port impedance n-

i network model of the sinusoidal wave filter in the power supply
Dy o~~~ by system and the two-port impedance m-network model of the long
ol y N cable. The sinusoidal wave filter model and the long cable model

T JORr T shown in Figures 2-4 and Figures 5-7 are balanced three-phase

Uypp 1/ joC, 7 ui -V network systems, so the parameters of each phase are equal,
and we have:

Lf_u :Lf_V:Lf_W:Lf (1)
FIGURE 3
Filter v-phase model.

C,. =C; =C, =C )

fou = v T e T
Rcu:Rc v:Rc_w:Rc 3)

implemented using an R, L, and C n-network. As shown in Figure 1,

this is the circuit structure of the cable and filter. Ley=Ley=Le =L (4)
In Figure 1, uygp > Uypp , and uypp , are the inverter output

voltages (V); iygp ,» iypp_y» iyep_,, are the inverter output currents C.,=¢C. ,=C.,=C. (5)

(A); L L, and Ly, are the inductance values (H) in the filter;

Crw» Cp, and Cy , represent the capacitance values (F) in the filter;

In the long cable model, R, ,,

(s C.,» C. ,» Cc ,, the capacitance values (F); L, ,, L, ,, L¢ ,, are

the inductance values (H). In the induction motor, u,, , u,, , u,,

R. ,» Rc ,, are the resistance values

2.1 Model of filters

The circuit diagram of the filter is shown in Figures 2—4. Figure 2

are the input voltages (V); i, ,, iy, ,, i, , are the input currents (A).

In Figures 2-4, Uy o iy, an d up , are the output voltages (V) of the sho‘ws the structur?l dlagr?m of the filter’s u-port, which can be
. P - derived based on Kirchhoff’s voltage and current laws.
filter, i¢ ,, if ,» and i, are the output currents (A) of the filter.

For the long cable and the sinusoidal wave filter m-network Uypp, =g +jwLls iypp,
model shown in Figure I, since the power supply system is ) . ug (6)
a balanced three-phase network system, it can be represented vrp, =11, *
by a two-port m-network model. As shown in Figures 2-4 and Jog,
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FIGURE 5
Long cable u-phase two-port network.

P 4—=—>

f_v ;
Towew]

FIGURE 6
Long cable v-phase two-port network.

dl

T
Uy, )
! _|_1/ joC. , 1/ JjoC,

FIGURE 7
Long cable w-phase two-port network.

The inductive reactance and capacitive reactance in Figure 1 are:

Zy, =joly,

1
Zy = ——
b jecy,

7)

(8)

Substituting Equation 7 and Equation 8 into Equation 6 yields:

Uy, = typp, = Zg, ivep,

o U,
.7, " 7
.

Calculation shows:

Uy =Uyrp, ~ ZF“ “IyED,

Uypp, ZFM
= +| 1+ —

>ZVFDu
RIA

i=—
T Zy, VA

From Equation 10,
calculated as follows:

uy, Lo
j _ 1+ ZF”
1 fu ZRu V4 R,

Frontiers in Energy Research

the function of the

Uyrp,

tyrp,

€)

(10)

filter can be

(11)

10.3389/fenrg.2025.1642687

Similarly, the functional relationships of the other two phases
can be obtained:

. 1 -z, 11,

1, ’ VFD,

= 1 Zg, ‘ (12)
il |Tze 1Tz |Live,

1 [ 1 ~Z

u £y Uyrp

Mlell m || ™ (13)
, | Ze  Zg |Live,

Equation 11, Equation 12, and Equation 13 represent the
transfer function of the filter. Calculate the output voltage and

current through the input voltage and current of the filter.

2.2 Model of long cables

The network model of each phase at the two ports of the
long cable shown in Figure I can also be converted into a
circuit schematic diagram in the time domain, as shown in
Figures 5-7. Figure 5 shows the circuit structure diagram of the two
ports of the u-phase of the long cable. According to Kirchhoff’s
voltage and current laws, we can obtain

. Uf u .
uffu = lffu - 1 : (Rc—u +]WLc7u) + um?u
jwCy (14)
. uf_“ umﬁu .
lf_u = 1 + 1 + lm_u

joCey  jwCey

Let the inductive reactance and capacitive reactance in the

circuit structure diagram of the two ports of the u-phase of the

long cable be:
ZL_u = Rc_u +ja)Lc_u (15)
Zo = — (16)
T jeC,
Substitute Equations 15, 16 into Equation 14 to obtain
u
. fu
uffu:<lf7u_z )'ZL7u+um7u
C_u
(17)
i o=t ma
S ZC_u ZC_u -
After arrangement,
Zy
Up, u:<1+Z 7u>'ufu_ZL7u'lf7u
C_u
(18)

; _<_ZLu_2ZCu)'u +<1+ZL7u>‘i
m_u ch . fu ZC_u fu

From Equation 18, the functional relationship between the two-
port parameters of the u-phase of the long cable can be deduced.

1+ -Z; 4
Up_y C_u B uf u
- o - 19
i _ZL_u _2ZC_u ZL u i ( )
m_u - = 1+ =—= fu
z, Zc
05
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Similarly, the functional relationships of the two-port
parameters of the v-phase and w-phase of the long cable can
be obtained.

1+ Ziy Z,
L
Uy o _ Cuv Y u fv ( 2 0)
im_v _ZLJA 2— ZZCJ/ 1 ZL v if_v
Zc_v .
1 z Z
+ f—
um_w _ C_w fow uf_w (21)
i _Zqu — ZZciw 1 Z if_w
2 C_w
C_w

Since the long cable in the power supply system is a three-
phase balanced system, substituting Equation 3, Equation 4 and
Equation 5 into Equation 7 and Equation 8, the inductive reactance
and capacitive reactance in the three-phase two-port network model
of the long cable shown in Figures 5-7 are obtained as follows:

Z, =R +jwL, (22)
1

Ze= 23

¢ jwC, 23)

Substituting Equations 22, 23 into Equations 19-21, we can
obtain the functional relationship between the input and output
parameters of the two ports of the long cable:

- S 1 “L -7 - S
L
U u ZC uf_u
=| -z, -2z, 7 1l (24)
_Imu_ Z2 1+Z—L _If_u_
C
L c p
[ L 7 |
- - + L -7, - -
Up v ZC uffv
=\ -z, -22, 7z 1. (25)
_lmv_ Z2 1+Z_L _ZfJ’_
C
L C i
1 [ e z |
) -7 r
Uy w ZC uf_w
=| -z, -2z, z |l (26)
1 1 L 1
m_w _— + Z_ L “fow
L Z c |

If the length of the cable in the power supply system is I,
(km), then the functional relationship between the input and output
parameters of the two ports of a long cable of any length can be
obtained as follows:

I T A
4
Uy y ZC uf_u
|-z -2z 7 ‘ 27)
L C L
_lmu_ 1+Z— _fou_
Lz c |
- 144 z 1
L -7, - -
Uy, Zc us
=| -z, -2z 7z . (28)
Iy L ¢ 1+ 2L lfy
L . L ch ZC | L - d
1+ 7 |
- ‘L -7, -
Up Zc Us
=l -z, -2z 7z |1, (29)
I w L ¢ 1+=L TR
Lz Zc| =T
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Equations 27-29 are the functional relationships between the
input and output voltage and current signals at the two ports of the
long cable in the power supply system shown in Figure 1 and the
distributed parameters of the long cable. The three-phase voltage and
three-phase current signals input to the submersible electric pump
can be calculated from the voltage and current signals output from
the sinusoidal wave filter side.

2.3 Comprehensive mathematical model of
sinusoidal wave filter and long cable

Due to the existence of the long cable, various control strategies
in the power supply system often cannot achieve satisfactory control
effects. Especially for the vector control algorithm, accurate three-
phase current signals and three-phase voltage signals of the stator
of the induction motor are required. Therefore, it is necessary
to calculate the three-phase voltage and current signals at the
submersible electric pump end from the three-phase voltage and
three-phase current signals output measured at the VFD’s side.

Therefore, substituting Equations 11-13 into Equations 27-29
respectively, we get

- )

L - -
1+ = -Z _
[ umﬁu ] _ ZC t 11 Z; l uVFD?u ]
. | -Z,-2Z VA F .
i B il ) ZL -— l+=1]i
m_u i Zé 1+ ZC | ZR ZR ] VFD_u
(30)
_ g Sl
1+ — -7 [ 1 -7 i
l umﬁv ] _ ZC t | ; uVFD?v
. | —Z-2Z; Z, L 14 ZE .
L _y i Z—Z 1+ Z_c | Zy Zr VED_v
(31)
_ | ql
1+— -Z _7 ]
l um_w j| _ ZC t 11 Z; l uVFD_w :|
. | -Z,-2Z VA F .
i _fLeC ZL -— l+==1]i
m_w i Zé 1+ Zc | Zy Zr | LPvED_w
(32)

Through Equations 30-32, the actual input three-phase voltage
and three-phase current signal values at the electric submersible
pump end can be calculated from the three-phase voltage and three-
phase current signals measured on the VFD’s side.

3 Improved vector control algorithm

3.1 Mathematical model of induction
motor

3.1.1 Induction motor model based on rotor flux
orientation

The basic idea of the vector control algorithm oriented by
the rotor flux is to obtain an equivalent DC motor model in
the synchronous rotating orthogonal reference coordinate system
through an appropriate coordinate transformation. By analogy with
DC motor control methods, the electromagnetic torque T, and
the magnitude of the rotor flux y, are controlled independently.

frontiersin.org


https://doi.org/10.3389/fenrg.2025.1642687
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Jin and Deng

Then, the control quantities in the rotating orthogonal coordinate
system are inverse-transformed to obtain the corresponding control
quantities in the three-phase coordinate system for implementation
of control. The motor model after rotor flux orientation is as follows:

3.1.1.1 Stator Voltage Equation

. . oL
Ugg = Rslsd +PUL515d - Gstllsq +pL_mWr
r
(33)

. m
+oLyw i+ —wy,
Lr

u

59 + poLgi

= Rsl slsq

sq

In the equation, 1y and u,q are the stator voltage components of
the motor in the d-q rotating reference frame (V); i,y and i, are the
stator current components of the motor in the d-q rotating reference
frame (A); w, is the synchronous rotation angular velocity (r/min);
p is the differential operator; L,,, L, L, are the equivalent mutual
inductance between the stator and the rotor (H), the equivalent
self-inductance of the stator (H) and the equivalent self-inductance
of the rotor (H) respectively; o is the leakage coefficient; Ry is the
stator resistance of the motor (Q); v, is the magnitude of the rotor
flux linkage.

3.1.1.2 Torque Equation

B 3n,L,

34
=L (34)

V/rzsq

Where: Te is the electromagnetic torque of the motor (N-m); n,
is the number of pole pairs of the motor.

3.1.1.3 Feedforward Decoupling Voltage Equation

uy, = —woLig,
Ugg = w 0L, + @, L—lﬂr
.
w, =pd (36)

In the equation: v, is the reference magnetic flux amplitude
of the motor rotor; ij; and iy, are the reference stator current
components (A) in the d-q rotating reference coordinate system,
respectively; uj;and ug,are the coupling term voltages, respectively;
0 is the rotor flux phase angle.

3.1.2 Model Reference Adaptive System

The speed sensorless control technology adopted in this paper
is based on the Model Reference Adaptive System (MRAS) of rotor
flux linkage. This method uses the current model as the adjustable
model and the voltage model as the reference model. The deviation
between the outputs of the two models forms an adaptive system to
correct the speed in the adjustable model, where the output value of
the adaptive regulator becomes the observed speed value. The system
equations are as follows:
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3.1.2.1 Voltage model (reference model)

LV

[J (usa - Rsisa)dt_ ULsisa]

Via
m

l//rﬁ = le—; [J (usﬁ - Rslsﬁ)dt_ OLSiSﬁ:I

In the equation: y,, and v, represent the motor rotor flux
linkage components (voltage model) (Wb) in the a-p stationary

(37)

reference coordinate system; u, and u represent the motor stator
voltage components (V) in the a-p stationary reference coordinate
system; iy, and iy represent the motor stator current components
(A) in the a- stationary coordinate system.

3.1.2.2 Current model (adjustment model)

R, R,
v, = J (-L—y/m - an//;ﬁ +LmL—zm>dt
r T
(38)

R . R
w;ﬁ—J(—L—rwrﬁ+wu/m+LmL—rzsﬁ>dt

In the equation: v/, and ‘//:ﬁ represent the motor rotor flux
components (current model) (Wb) in the a-B coordinate system;
R, denotes the motor rotor resistance (Q); w indicates the estimated
motor angular velocity (r/min).

3.1.2.3 Error equation

Cspeed = wr‘BV’:g‘ - ll/ml/’:p (39)
3.1.2.4 Estimated speed calculation
Ki est
W= (Kpfest + ? )espeed (40)

and k;

In the equation: k i est

p_est
constants respectively.

are the motor speed PI controller

3.1.2.5 Rotor flux linkage amplitude and rotor flux phase
angle

v, = \V’%{x"’V’fﬁ (41)
v,
0=sin"! w—ﬁ (42)

3.1.3 Conventional speed sensorless vector
control algorithm for power supply systems

The conventional speed sensorless vector control algorithm
for power supply systems is a speed closed-loop control system.
Through coordinate transformation, speed and flux observers, it
achieves speed estimation, decoupling of electromagnetic torque
and rotor flux, as well as closed-loop control of electromagnetic
torque, rotor flux, speed, and current.

However, in this control algorithm, the estimation of speed
w, the magnitude of rotor flux y,, rotor phase angle 6, and the
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calculation of electromagnetic torque T, are all based on the
measured three-phase voltage and current signals output by the
inverter. The measured three-phase voltage and current signals from
the inverter side are directly treated as the motor’s input three-
phase voltage and current signals and applied to the feedforward
decoupling and motor stator voltage generation unit shown in
Section 3.1.1, as well as the MRAS-based speed estimation and flux
calculation unit shown in Section 3.1.2. The influence of long cable
distributed parameters on the motor-side three-phase voltage and
current signals is completely disregarded.

3.2 Design of speed sensorless vector
control algorithm for power supply system
based on lyapunov stability theory

3.2.1 Improved speed sensorless vector control
algorithm

To address the influence of sinusoidal wave filters and
distributed parameters of long cables, this paper proposes a speed
sensorless vector control algorithm for the power supply system
based on Lyapunov stability theory, utilizing a comprehensive
mathematical model of sinusoidal wave filters and the two-port
characteristics of long cables. This algorithm is primarily designed
for motor loads connected via long cables, and its control system
block diagram is shown in Figure 8. The proposed control algorithm
employs the three-phase voltage and current signals output by the
inverter to calculate the precise motor terminal voltage and current
signals using the comprehensive mathematical model of sinusoidal
wave filters and long cables in the a-p stationary reference frame.
These calculated motor terminal signals are then used to estimate
the speed, rotor flux amplitude, and rotor flux phase angle of the
induction motor, rather than directly using the measured inverter
output signals. This approach enables the accurate construction of a
rotor flux linkage model, achieving precise observation of rotor flux
linkage and speed identification, as well as closed-loop control of
torque, flux, and current.

3.2.2 Stability analysis of the speed sensorless
vector control algorithm

As shown in Figure 8, the improved speed sensorless vector
control algorithm independently controls the electromagnetic
torque Te and the rotor flux amplitude v,. To obtain an accurate
mathematical model for the improved algorithm, the motor terminal

stator voltage components u, 4 and u, ., the motor terminal stator

s @
current components i 4 and i g, an(qi the rotor flux amplitude
¥, ,» calculated in the d-q rotating reference frame based on
the comprehensive mathematical model of sinusoidal wave filters
and long cables, must be substituted into the rotor flux-oriented
motor model (Equations 33, 34). This yields an accurate dynamic
mathematical model of the rotor flux-oriented induction motor
based on the comprehensive mathematical model of sinusoidal wave

filters and long cables.

i g =Pi. j+twi,  +——— +—u (43)
s_d ﬁ s_d 1*s_q JLs LrTr l//rj ULS s d
A AR (44)
iy , =~ g+ Pi; ;- ——wy, +—1u
5_q 1%s_d s q GLS Lr WrJ O'LS 5_q
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RL2+R,L2,
oLL}

The rotor flux linkage function can be expressed as:

In the equation f = — ,T, is motor rotor time.

. 1 Ly .
Vo =TTVt T (45)
The electromagnetic torque equation can be expressed as:
3n,L
_ 2w
e 2Lr %rlsq (46)
The dynamic function of the motor is:
x=J(x)+ g ug, (47)
The state variables in the transfer function are:
. T
X = [Isd lsq Wr,] (48)
The input transfer function is:
T
Usig = [usd usq] (49)
There is
T
ey
g= OLg 1 (50)
0 5 0
L
w m
ﬁ ! OLer Tr isd
L, w .
Jo=|-o BT ||, Q)
ll 0 — L l//ry
T, ;

By analyzing the stability of this transfer function, an
improved equation for long cable conditions can be derived.

Substituting the voltages u, , and u, g and the currents i; , and

a
i g into Equation 37 yields:

Lr . .
[ [J (usoc - Rslsa)dt_ Glesa]

Lm
LT . .
V5= E “ (usﬁ —Rslsﬁ)dt— aLstﬁ]

In the equation, v, , and y, s are the two-phase magnetic fluxes

(52)

calculated from the output voltage and current of the VFD.

v, =W+

In the equation, v, , is the calculated amplitude of the magnetic

(53)

flux linkage. From this, the transfer function after the Park
transformation can be derived.

1+ 2 2 1
, + = -7
| cos  sinf Zc
i —sinf cosO || 2= 2%c 1 Z
Sq ) + 7
Z c (54)
1 -7
; Uyrp,
1 7 .
Z_R 1+ Zy | LtveD,
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FIGURE 8
Vector control algorithm for long cables.
l As shown in Figure 8, the output of the control algorithm is
1+ Z 7z 1" torque and rotor flux linkage:
; L
U, cos®  sinf Zc
= _ _ = T
i, —sinf  cosB Z1=2%¢ 1+ Z N (59)
2 Zc (55) Y=V,
1 ~Zr Uyrp, Define the deviation between torque and rotor flux linkage as:
Lozl
T Z- | L tvep e, =Tx,—T
R R B 1 e e
Lo (60)
Equations 54, 55 are the output voltage and current of the filter 2=V, Y,

model and the long cable model in the d-q coordinate system. By
incorporating them into the vector control algorithm, the response
characteristics of the vector control algorithm under long cable
conditions can be improved. From this, the motor stator voltages

u, g and ug g, the motor stator currents i, 4 and i; ;, and the motor

S_q’
rotor flux linkage v, , can be obtained. Thus, the parameter model

is given as:
Z le
+ = -Z
K, K, cos@  sinf Ze L
Ky K, —sinf cos6 || Z2L=2%c 1+ %
zZ: c (56)
1 ~Zy
_L 1+ é
Zy Zp
Then Equations 54, 55 are transformed into:
U, | Ky Ky || tyep, (57)
i, Ky Ky ]| ivep,
usq K, K, uVFDﬂ (58)
i, Ky Ky [ ivep,
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In Equation 60, e; and e, represent the errors of torque and rotor
* *
flux linkage, respectively, where T,, ¥, denote the desired torque
and desired rotor flux linkage. Thus, we have:

(61)

(62)

The input-output relationship of the control system shown in
Figure 8 is:

e Jy(x) & || Yy
+

b= =

éz ]z(x)

(63)
&[4,

Differentiating the torque and rotor flux deviation shown in
Equation 60 yields:

e, =T: — T, (64)

&=y -y, (65)
Substituting Equations 46 and 61 and Equations 45 and 62 into
Equations 64, 65 respectively, we can calculate:

3n,L,

2L,

e =— (66)

v, i,
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_1 L

—1

T (67)

Sd
Substituting Equation 44 into Equation 66, the torque deviation
differential is calculated as:

B 3an

e, =
T

m

Lm
oL V"

r

. . 1
Wr,(“)l’sd _ﬁzsq + O'_Lsusq> (68)
Substituting the torque and rotor flux deviation differentials
from Equations 67, 68 into Equation 69 yields the input-output
relationship as:

Sanml//r, . . wLml//r,
p —| wiis, —Bis, +
o= | 2 2L, 1 oL,
é2 iy/ — Iﬁl
T,'" T, (69)
_3anm1/]r,
+ 20L(L,

U,

ug,
In Equation 69, the voltages in the d-q coordinate system are
s ¢+ The model
calculated through Equations 57, 58 is the final model, while the

motor rotor flux linkage v, , is calculated by Equation 53. By
substituting the motor voltages, currents, and rotor flux linkage into

0 0

ug 4 U, o and the motor stator currents are i, g, i

Equations 67, 68, we obtain:

. 3anml//rr K . ﬂK . K2 . wLmV/rr

b= —— Wi — BK,i - —=i +—
1 2L, 4W1lypp, 4lvrp, oL, VFD oLL, oo
70

. 3n‘ng%*K 3n,L,y, © K, Uyrp,

oL Y T PK; + oL,
r r s Uyrp,
K,L KL

éz - _ 4+m . 1 3=m (71)

ivpp + —V, — ———u
T, VT 123 T, “VED.

r

Substituting Equations 70, 71 into the input-output function
mentioned earlier, namely, Equation 69, we obtain

[1,(x)
J(x) =
_]z(x)
r3n,L,v wL,,y
prmTr, . . . m¥r,
B 2—L7<K4a)11VFDK _ﬂKz}IVFDﬁ - U_LSZVFDﬂ + H)
K,L,, . 1
i _TrleFDm + Tr‘//r,
(72)
3n,L,, v 3n, L
&Kﬂ’l _P—mv/’r(ﬂK3+£)
& 2L 2L, oL,
— - r
gx) = KL (73)
g2 _¥37m 0

r

Then the input-output relationship shown in Figure 8 becomes:

J1(x)
]z(x)

Uykp,
+g(x

u
VFDg

(74)

2

s q are converted into the

motor stator voltages uypp, o, Uypp_g- From Equation 74, it can be
concluded that the effects of long cables and filters can be eliminated.

The motor stator voltages u, 4, u
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The matrix g(x) in Equation 75 is derived from the product of
the motor flux linkage and the rotor flux linkage. Therefore, g(x) is a
non-singular matrix and is not equal to zero, leading to the input as:

el )

Where u; and u, are adjustment input values, and to ensure
favorable characteristics, there exists:

| &
Uy 3
Substituting Equation 75 and Equation 76 into Equation 74 yields
. |@& &
e= =
€ 6] 1%

-K
K; and K both are select appropriate constants, choose the
Lyapunov function as:

-] 1 (x)
-J. 2 (x)

Uypp, U

Uyrp, U

-K; 0

(76)

0 -Kg

-K; 0

(77)
0

V= 3850 78)

In the equation

&= (79)

(& &l

The derivative of the selected Lyapunov function V(§) with
respect to time is:

V(&) = —Ks&] - K& (80)

Since K5 and K are positive numbers, V() <0, which proves
that the improved vector control algorithm proposed in this paper
is asymptotically stable.

3.3 Analysis of the changes in long cable
parameters over time and the influence of
the deep-sea environment on the
comprehensive indicators of long cables

Thelong cable is below 2 km in the deep sea, and the temperature
is constant at 2 °C—4 °C. In the 1 km deep-sea area, the hydrostatic
pressure of the long cable reaches 10 MPa. Below 2 km depth, the
pressure increases by about 1 atm for every 10 m of water depth.
The humidity of long cables is close to 100% in the deep sea, the
salt content in seawater is about 3.5%, and the pH value is between
7.5 and 8.4. It is necessary to calculate the coeflicient of influence on
resistance, capacitance, and inductance to quantify the influence on
long cable parameters.

3.3.1 Quantitative analysis of the sensitivity of
long cable parameters to time

Suppose P(t) describes the change of R, L, C, over time t.
This model is affected by multiple deep-sea environmental factors
X, (8),%,(t), -+, x,,(t), can be expressed as:

P(t) = f(x,(),%,(8), -+ %, (1), 1) (81)
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vector control algorithm.

To analyze the sensitivity of the proposed method to the
time-varying cable parameters, we introduce the sensitivity
coefficient Sp,, which represents the sensitivity of parameter
P to the environmental factor x;. The sensitivity coefficient can
be defined by partial derivatives:

Sp, = oP .xi

= — 82
i ox; P (82)

By calculating the sensitivity coefficients, we can determine
which environmental factors have the most significant impact on
cable parameters.

To consider the influence of time factors, we can further
calculate the rate of change of the sensitivity coeflicient concerning

Frontiers in Energy Research

1

time dSp, :

das Px, d

_d(oP
dr ~ dt

ox;

(83)

(

Specifically, let the time-varying

Xi
7)
parameters R, C, and L
of the long cable in the deep-sea environment be R(?), C(t),
and L(t), respectively. In the deep-sea environment, factors
such as temperature, pressure, and humidity can affect the
resistivity of the long cable conductor, thereby influencing the
resistance. Assuming that the change in resistance over time is
related to the temperature T(t), pressure P(t), and humidity H(t),
Equations 84-92 can be derived.
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Simulation waveforms of no-load startup to 10 Hz (a) Motor speed waveform of conventional vector control algorithm (b) Current waveform of
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proposed vector control algorithm (e) Current waveform of proposed vector control algorithm (f) Electromagnetic torque waveform of proposed
vector control algorithm.

R(t) = Ry + Sp 1 T(t) + Sp pP(t) + Sp yH(1) (84) The capacitance of a long cable is related to the dielectric
constant of the insulating material, and the dielectric constant is

Where Ry is the initial resistance, Spy, Spp» Spy are the  affected by temperature and humidity. Equation 85 can be derived.
coefficients of the influence of temperature, pressure, and

humidity on time, respectively. C(t) = Cy+ Sc r T(t) + Sc yH(t) (85)
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Where C, is the initial capacitance, S¢. 1, S¢ jy are the coefficients
of the influence of temperature and humidity on capacitance
respectively.

Inductance is related to the geometric structure and magnetic
permeability of the cable. In the deep-sea environment, pressure may
cause slight changes in the cable’s geometric structure, thus affecting
the inductance.

L(t) = Ly + S, pP(0) (86)

Frontiers in Energy Research

Where L, is the initial inductance, S; , is the coefficient of the
influence of pressure on inductance.

Sensitivity refers to the ratio of the rate of change of a parameter
to the rate of change of an influencing factor. The sensitivity of
resistance coefficient Sy 1 of resistance to temperature is defined as:

dr()
rey T dR(t)

S = -
RT ™ arw ~ R(t) dT(t)
T(t)

(87)
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with the proposed vector control algorithm.

The sensitivity coefficient of resistance to pressure Spp
is defined as:
P(t) dR(t)

RP= R0 dP(D) (88)

The sensitivity coefficient of resistance to humidity Sy
is defined as:

H(t) dR(t)
=—=— 89
R R() dH(t) ®
Similarly, the sensitivity coeflicient of capacitance to
temperature S¢ r is defined as:
T(t) dC(t)
=L 90
CIC(t) dT(h) ©0
Frontiers in Energy Research
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The sensitivity coefficient of capacitance to humidity S¢y
is defined as:

H(t) dC(t)

CH™ 0 dHD (91)

The sensitivity coefficient of inductance to pressure S;p
is defined as:

_ P(1) dL(1)

LP= T dB() (92)

By calculating these parameters, the magnitude and severity of

the impacts of various conditions on the R, C, and L of the long cable
can be determined.
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3.3.2 Lyapunov stability proof of the entire
system with the introduction of the
time-sensitive long cable model

Substituting the changing parameters R(t), C(t), and L(t) into the
long cable Equations 22, 23, we can obtain:

Z,() = R(t) + jwL(t) (93)
B 1
Ze(t) = o) (94)

Substitute it into Equations 27-29, It can be concluded that the
long cable model varying with time is as follows:

r Z, (¢ qk
r 14 20 =2t |1
e %) i (95)
i T 2 () -2Z(1) +ZL(t) ifu
Lz 20N B
r A0 ik
- . L —ZL(t) ~ .
Up y _ Zc(t) ”f_v (96)
; T 4 220 z | |
_Im_v_ + L _lf_v_
L 2 Zc() |
r Z,(t 1k
1 14 20 -Z,t) |t
U w _ ZC(t) uffw 97
i || A -2 zo | |, 97)
L 20 Zc®) | -
Then, Equations 54, 55 become:
ZL(t) le
ug, cos@  sin6 +ZC(t) 20
i, - —sinf  cosO —Zu(1) ~2Z(1) Z(t)
ZA(b) Zc(t) (98)
! _Z; Uyrp,
1 .
_Z_R 1+Z—£ iypp,
Z(t) le
ug, cosO  sinf 1JrZC(t) 40
i | =sing  cos0 || 22D —22c(0) Zi(t)
! ZA(1) Zc ] (99)
! “Ze [ vy
G
_L 1+é i
. 7y VD,
Equation 56 then becomes:
ZL(t) k
K, K, cos0 sinf * Zo(t) 40
K; K, - —sin6 cosO —Z1(t) —2Z(1) Z, (1)
Z2(1) Ze®) | (100)
-
x 1 Z
—— 1+Z2E
Zy +ZR
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Equation 69 then becomes:

3n Lml//r ® wLmV/r

. (g (8) - i, (£) + —e
. é 2L « 4 oL L
e(t) = ) = r

str
€ 1 Lm.

—y, () - =2 (¢t
T,W’r() T,lsd()

0 _3nPLm1//,'(t) "
+ 20LL, z
u

(101)

Where v, (1), i (1), isq(t) are the corresponding flux linkages
and d-q axis currents that change with time respectively, e(t)
is derivative of input-output relationship in chapter 3.2.2 which
are under the influence of R(t), C(t), and L(t), Equations 72,
73 become:

_ ]l(x)]
" [ux)
3n,L,, (1) . ) K, wL,,y, (0
_ 2L, Kywyiypp,(6) = BRyiyep, (1) - J—levmﬁ(t) + —ii
) KLy, . 1
T IVFDa(t)+FW,r(t)
(102)
3n,L,y, (1) 3n,L,,y, () . K
& o Ko —— PRt o
g(x) = = 7
& _K3Lm 0
Tr
(103)

Where iypp () and iVFDﬁ(t) are the inverter current that
changes with time under the influence of R(¢), C(t), and
L(1).

Then, through the derivation in chapter 3.2.2, we can derive the
derivative of the input-output relationship é(t) with the introduction

of time sensitivity.
Ks 0 fll on

&
e(t) =
) -Ks ]| &
Finally, through the derivation in chapter 3.2.2, it can be

concluded V(£,) which is introduce time sensitivity derivative of the
selected Lyapunov function V(&)

V(ft) =7 5% - Ke% (105)
When the time is not extremely long or the environment is
not extremely harsh, R(t), C(t), and L(t) are within the controllable
range, K ; and K are positive, V(.Et) < 0, the system is asymptotically
stable. To solve the positive or negative of K5, K; under extremely
long-term or extremely harsh environments and determine the
condition of whether R(t), C(t), and L(t) within the controllable
range, this paper introduced a model based on a statistical data
method of the deep-sea environment on comprehensive index
analysis Chapter 3.3.3.

3.3.3 A model based on statistical data method of
the deep-sea environment on the performance,
aging, and parameters drift over time of cables
and analysis

The reference (Zhang et al, 2025) integrated the deep-
sea cable state data from different time points, established a
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Simulation sudden load response at 10 Hz waveforms (a) Motor speed waveform with conventional vector control algorithm (b) Current waveform
with conventional vector control algorithm (c) Electromagnetic torque waveform with conventional vector control algorithm (d) Motor speed
waveform with the proposed vector control algorithm (e) Current waveform with the proposed vector control algorithm (f) Electromagnetic torque
waveform with the proposed vector control algorithm.

calculation model for the deep-sea cable health index, and 3.3.3.1 Long cable health model in the references

considered the influence of the external environment on the The model that the reference above proposed can be
state of the deep-sea cable to reveal the development trend  summarized as follows: By referring to the construction of a deep-
of deep-sea cable faults. The time-varying parameters of  sea cable health index calculation model, we can quantitatively
temperature, disturbance (pressure or humidity), and burial depth ~ evaluate the time-varying operating state of the cable. Let the deep-
were calculated. sea cable health index be HI(t), which consists of the static health
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index from regular inspections HI,

static and the time-varying health

index from online monitoring HI ;.. The equation is as follows:
HI(t) = aHIstatic + BHIdynamic(t) (106)

Here, a and f3 are weight coeflicients, and « + f = 1.

3.3.3.2 Failure rate model in the references
Through Equation 106, we can construct an environment-

dependent deep-sea cable failure rate model to reflect the impact

Frontiers in Energy Research 18

of the deep-sea environment on the cable. Let A(¢) be the failure
rate of the deep-sea cable at time t. It is related to the deep-sea
environmental factors, E(t) can be expressed as:

A(t) = AyekE® (107)

Where A, is the basic failure rate without environmental
influence, and k is the environmental influence coefficient,
which can be obtained through regression analysis of historical
data.
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The simulation no-load start-up to 50 Hz waveforms, when introducing time-varying parameters (a) Motor speed waveform of the conventional vector
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TABLE 2 Long cable parameters (1 km).

TABLE 3 Filter parameters.

name Symbol ‘ Value Unit name Symbol Value Unit ‘
Resistivity R 0.34 Q/km Inductance L 2.25 mH
Distributed inductance L 0.38 mH/km Capacitance C 1 uF
Distributed capacitance C 0.29 uF/km
3.3.3.3 The accuracy analysis proposed in this paper L . .
To evaluate the accuracy of the model, we can introduce the By utilizing  the equations mentioned above, we can

Mean Squared Error (MSE) to measure the difference between
the model-predicted values and the actual values. Let Ppred(ti) be
the cable parameter value predicted by the model, P,,4(t;) be the
actual measured cable parameter value, and n be the number of
measurement time points. Then the MSE is:

n

MSE = % Z (Ppred(ti) - Pactual(ti))2
i=1

(108)
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quantitatively analyze the accuracy of the model concerning
the impact of the deep-sea environment on the performance,
aging, and time-dependent drift of long cable parameters,
as  well the sensitivity of cable parameters changing
over time. It can be obtained through calculation that the
health model Equations 106 proposed in the aforementioned
reference have a small MSE, indicating a relatively high degree
of accuracy.

as
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TABLE 4 Induction motor parameters.

name Symbol Value Unit
Rated power P, 5.5 1314
Number of pole pairs n, 2
Rated voltage U, AC380 Vv
Rated current I, 11.6 A
Rated frequency fu 50 Hz
Rated speed n 1440 rpm
Stator resistance R 1.1 Q
Rotor resistance R, 0.666 Q
Mutual inductance L, 164.8 mH
Rotor leakage inductance L, 4.75 mH
Stator leakage inductance L, 4.75 mH

FIGURE 17
Experimental platform of the improved vector control algorithm.

3.3.4 The influence of the change of
comprehensive indicators over time on the
method proposed in this paper and the solutions

The references proposed: within an observation period of
60 weeks, the comprehensive health index of the long cable
decreased rapidly, then the decline slowed down and remained at a
certain level. However, after 140 weeks of operation, the decline rate
of the comprehensive health index accelerated. The longer the cable
operates, the lower its comprehensive health index. In the references,
the data recorded by the oil platform shows that under long-term
usage conditions, such as 4.6 years in normal environments and
0.4 years in harsh environments, the failure proportion will reach
0.21%, which will have a certain impact on the method proposed in
this paper.
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Under this condition, operational maintenance (Monitor
the operating parameters of deep-sea cables daily, promptly
detect and handle any abnormal situations, and
long cables promptly) is required. The reference provides a

repair

theoretical basis for the operational maintenance of deep-
sea long cables, and replacing the long cables when they
reach the end of their service life can effectively prevent the
influence of long-cable parameter changes on the proposed
method.

3.4 Feasibility of implementing the
improved control algorithm based on
lyapunov

In practical implementation, the improved Formulas 30-32
can be directly input into the vector control algorithm, and
w = 2nf, after calculating angular velocity by frequency, can be
substituted into the Formulas 7, 8, 15, 16, by inputting resistance
value, capacitance value and inductance value in long cable and
filter calculate the Zp, Zp, Z; ,, Z¢ ,, and input it into the
algorithm, the response of induction motor can be improved.
Formulas 1, 2, 9, 17, 24-26, 35, 36, 38-43, 47-52, 59, 63, 77, 98,
99, 101-105, 107, 108 are the derivation and proof formulas of the
whole algorithm.

4 Simulations and Experiments
Analysis

This paper used the Simulink module in MATLAB for
As Table 5
Figures 24-29 represent the simulation results, while Figures 18-23

simulations. shown below, Figures 9-16, and

show the experimental results.

4.1 Simulation analysis

4.1.1 Simulation parameters

The main circuit model used in this paper is a three-phase
inverter with a DC power supply of 600 V. The specific parameters
of the simulation models are: Table 2 lists the parameters of
this long cable model, resistivity is 0.34 Q/km, distributed
inductance is 0.38 mH/km, distributed capacitance is 0.29
uF/km. As shown in Tables 4, 5, The inductance of the filter
model is 2.25 mH, the capacitance of the filter model is 1 uF,
induction motor’s rated power, number of pole pairs, rated voltage,
rated current, rated frequency, rated speed, stator resistance,
rotor resistance, mutual inductance, rotor leakage inductance,
stator leakage inductance are 5.5 kW, 2, AC380V, 11.6A,
50 Hz, 1440 rpm, 1.1 Q, 0.666 (), 164.8 mH, 4.75 mH, 4.75 mH,
respectively.

4.1.2 The simulation results under various
operating conditions at different frequencies and
analysis

As shown in Figure 9, these are the simulation waveforms
from no-load startup to 50 Hz. The left side shows the simulations
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with the original control algorithm, while the right side displays
the simulations with the improved control algorithm. The motor
successfully started at 4 s, the rotational speed reached 150 rad/s,
the current stabilized, and finally settled at a peak value range of +
10 A (Root Mean Square (RMS) value is 7.07 A); the torque reached
50 N-m at the moment of startup. From waveforms (c), (d), (e), and
(f), it can be observed that during the startup process, the original
vector control algorithm exhibits significant current fluctuation
(areas circled in the diagram), which could cause overheating in
the induction motor if left unaddressed. The improved algorithm
has essentially eliminated the current fluctuation. The original
algorithm also shows substantial torque fluctuation (areas circled
in the diagram), it is between 50 N-m and 20 N-m, and the
improved control algorithm is stable at about 35 N m, the torque
fluctuation is reduced by about 15 N-m. Other advanced control
methods, such as optimizing pole-slot fit, can reduce torque
fluctuation at no-load startup by 35 %-40%, and oblique pole
design can reduce torque fluctuation at no-load startup by 45
%-50%; however, these methods are not applied to the condition of
long cables.

As shown in Figure 10, the simulation waveforms depict the
no-load startup to 10 Hz, where the current reached a peak value
range of + 10 A (RMS value is 7.07 A), the rotational speed reached
30 rad/s, and the induction motor successfully started after 3.
The improved control algorithm achieves a more stable torque
after 2 s.

As shown in Figure 11, the simulation waveforms illustrate
the no-load speed adjustment from 50 Hz to 10 Hz, with the
induction motor successfully starting by 2.8s, the rotational
speed dropped to 35rad/s, the current stabilized, and finally
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settled at a peak value range of + 10 A (RMS value is 7.07 A).
The torque fluctuation of the improved control algorithm
is reduced.

As shown in Figure 12, the simulation waveforms illustrate the
motor starting under rated load up to 50 Hz. The motor successfully
started within 4 s, the rotational speed reached 155 rad/s, the current
stabilized, and finally settled at a peak value range of + 15A
(RMS value is 10.6 A). By comparing (c), (d), (e), and (f), it can
be observed that the pre-improvement vector control algorithm
exhibits significant fluctuations in current and torque (highlighted
in circled areas) due to the influence of parasitic impedance,
inductive reactance, and capacitive reactance in long cables. Without
intervention, this would cause the induction motor to overheat.
In contrast, the improved control algorithm demonstrates greater
stability in current and torque during startup, reduces spikes, and
better adapts to oscillation disturbances in long-cable environments,
thereby preventing motor overheating.

As shown in Figure 13, the simulation waveforms depict the
induction motor starting under rated load up to 10 Hz, the rotational
speed has reached 30 rad/s, the current stabilized, and finally settled
atapeak value range of + 20 A (RMS valueis 14.14 A). The induction
motor successfully started within 2 s with reduced torque ripple. The
improved control algorithm achieves constant torque startup.

Figure 14 shows the simulation waveforms of sudden load
response at 10 Hz. With the stator rotational speed remaining at
30 rad/s overall, there were certain fluctuations within 2s. The
current stabilized at a peak value range of +20 A (RMS value
is 14.14 A). The torque reached approximately 40 N-m and then
stabilized at around 30 N-m. The improved algorithm reduces the
torque fluctuations.
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Experimental waveforms of no-load startup for the improved vector control algorithm.
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FIGURE 20
Experimental waveforms of the conventional vector control algorithm during sudden load.

As shown in Figure 15, it is the simulation waveforms of sudden  2s. The current stabilized at a peak value range of £10 A (RMS value
unload. On the premise that the overall rotational speed remains  is 7.07 A). The torque reached 30 N-m at the moment of startup. The
unchanged, which was 30 rad/s, there were certain fluctuations within ~ improved control algorithm lessens the torque fluctuation.
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FIGURE 22
Experimental waveforms of the conventional control algorithm during sudden unload.

4.1.3 Simulation results of No-Load startup to

50 Hz with time-varying parameters introduced
and analysis

cable’s R, L, and C increase by 0.017 £, 0.019 mH, and 0.0145 uF,
respectively.

It can be seen from the simulation waveforms that the improved
algorithm can adapt to the changes brought about by 5% increase in
parameters of the long cable under the no-load startup condition,

Figure 16 shows the simulation of no-load start-up to 50 Hz

waveforms, when introducing time-varying parameters, the long
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FIGURE 23
Experimental waveforms of the improved vector control algorithm during sudden unload.

TABLE 5 FFT results of the no-load motor current.

Conventional algorithm THD ’ The proposed algorithm THD
10 Hz 8.28% 10 Hz 5.41%
30 Hz 7.70% 30 Hz 4.45%
50 Hz 4.41% 50 Hz 4.37%

which is basically consistent with the waveforms in Figure 9. The
current was initially between a peak value range of +20 A (RMS
value is 14.14 A), and then stabilized at a peak value range of £10 A
(RMS value is 7.07 A). The waveforms before improvement show
more dense fluctuations in current and torque in the area circled by
the circle.

4.2 Experimental Analysis

As shown in Figure 17, an experimental platform for the
improved vector control algorithm was set up in the laboratory
to verify whether the improved algorithm can enhance the
response characteristics. The experimental platform consists of
a motor test unit, a long cable model, a VFD, and a sine
wave filter.

4.2.1 Experimental parameters

The rated power of the induction motor is 5.5 kW. It is a motor
with 2 pole pairs. The rated voltage is AC 380V, the rated current
is 11.6 A, and the rated frequency is 50 Hz. The rated speed is
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1440 rpm. The stator resistance is 1.1 Q, the rotor resistance is 0.666
Q, the mutual inductance is 164.8 mH, the rotor leakage inductance
is 4.75 mH, and the stator leakage inductance is 4.75 mH. A long
cable (1 km) is used, which has a resistance of 0.34 3, an inductance
0f 0.38 mH, and a capacitance of 0.29 yF. A customized VFD is used
in the experiment. The filter uses an inductance of 2.25 mH and a
capacitance of 1 yF. The bandwidth of the oscilloscope is 750 MHz,
and the sampling rate is 4 GSa/s. The peak voltage of the 100 MHz
high-voltage differential probe is 1500 V, the attenuation settings are
500X or 50X, the bandwidth settings are FULL (full bandwidth) or
5 MHz, and the output impedance is 1 MQ. The bandwidth of the
low-voltage probe is 200 MHz, the impedance is 1 M(Q, and the input
capacitance is 3.5 pE The conversion ratio of the current probe is
0.01 V/A atthe 500 A rangeand 0.1 V/A at the 75 A range. The force-
sensitive amplifier, as part of the measurement system, processes the
signals from the torque sensor and speed sensor. The measurement
range of torque is 0-100 N-m, and the output signal corresponding
to the full-scale range is 0-20 mA. The measurement range of speed
is 0-2000 rpm, and the output signal corresponding to the full-scale
range is 0-20 mA.
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FIGURE 24

FFT simulation waveform of no-load operating current at 10 Hz for
conventional speed sensorless vector control algorithm in the
algorithm before the improved power supply system.
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FIGURE 25

FFT simulation waveform of current under no-load operation at 10 Hz
for the speed sensorless vector control algorithm of the improved
algorithm power supply system.

4.2.2 Experimental results and analysis

As shown in Figures 18-23, the experimental waveforms of the
conventional and improved vector control algorithm display current
(blue), torque (red), and speed (yellow).

From Figures 18, 19, corresponding to the simulation in Figure 9,
the following can be observed: During no-load startup, the
actual rotational speed reaches 152.89 rad/s (1460 rpm), while the
simulated value is 150 rad/s. The actual current finally stabilizes
at around a peak value range of £11 A (RMS value is 7.78 A), and
the simulated peak value range is +10 A (RMS value is 7.07 A). At
the moment of startup, the actual torque reaches 45 N-m, while
the simulated value is 50 N-m. When the conventional control
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FIGURE 26

FFT simulation waveform of the conventional speed sensorless vector
control algorithm current under no-load operation at 30 Hz in the
algorithm before the improved power supply system.
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FIGURE 27
FFT simulation waveform of no-load operating current for the speed

sensorless vector control algorithm of the improved algorithm power
supply system at 30 Hz.

algorithm is adopted during the no-load startup process of the
motor, the electromagnetic torque vibration (the circled area) has
certain fluctuations, causing certain fluctuations in the current.
In contrast, the proposed control algorithm increases the starting
electromagnetic torque of the motor and improves its operating
performance.

From Figures 20, 21, corresponding to the simulation in Figure 14,
we can see: During sudden load application, the actual rotational
speed reaches 152.89 rad/s (1460 rpm), whereas the simulated value
is 30 rad/s, since the simulation frequency is 10 Hz, the rotational
speed is equal to 21 times the frequency and divided by the number
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FIGURE 28

FFT simulation waveform of the conventional speed sensorless vector
control algorithm for the algorithm before improvement, the power
supply system under no-load operation at 50 Hz
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FIGURE 29
FFT simulation waveform of the no-speed sensor vector control

algorithm current for the improved algorithm power supply system
under 50 Hz no-load operation.

of pole pairs, the frequency of 50 Hz is five times that of 10 Hz, the
number of pole pairs of the motor in the simulation is the same as
that in the experiment, the rotational speed corresponding to 50 Hz
is 150 rad/s, which is consistent with the experimental results. The
actual current finally stabilizes at around a peak value range of +20 A
(RMS value is 14.14 A), consistent with the simulated value range.
At the moment of startup, the actual torque reaches around 45 N-m,
while the simulated value is around 40 N-m. Using the conventional
control algorithm, when a sudden load is applied during the motor’s
operation, the electromagnetic torque is close to 45 N-m (the circled
area). This increases the speed recovery time, leads to a decrease
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in the operating speed, and makes it difficult to restore the speed
to the given reference speed. However, when the proposed control
algorithm is used and the same load is suddenly applied during the
motor’s operation, the electromagnetic torque is close to 47 N-m. It
increases the operating torque of the motor, reduces the pulsation of
the electromagnetic torque, and enables the motor’s operating speed
to quickly recover to the given reference speed after the sudden load
application.

From Figures 22,23, corresponding to the simulation in Figure 15,
it can be found that: During sudden unloading, the actual rotational
speed reaches 152.89 rad/s (1460 rpm), whereas the simulated value
is 30 rad/s, since the simulation frequency is 10 Hz, the rotational
speed is equal to 27 times the frequency and divided by the number
of pole pairs, the frequency of 50 Hz is five times that of 10 Hz,
the number of pole pairs of the motor in the simulation is the
same as that in the experiment, the rotational speed corresponding
to 50 Hz is 150 rad/s, which is consistent with the experimental
results. The actual current finally stabilizes at around a peak value
range of £7 A (RMS value is 4.95 A), while the simulated value is a
peak value range of £10 A (RMS value is 7.07 A). At the moment
of startup, the actual torque reaches 30 N-m, which is the same as
the simulated value range 30 N-m. When the conventional control
algorithm is used, sudden unloading during the motor’s rated-load
operation causes fluctuations in the motor torque (the circled area)
and makes it difficult to restore the speed to the given reference
speed. The proposed control algorithm can reduce the pulsation of
the electromagnetic torque and enable the motor to quickly recover
to the given operating speed.

4.3 FFT simulation results and analysis

As shown in Table 5 and Figures 24-29, FFT simulations were
conducted for 10 Hz no-load operating, 30 Hz no-load operating,
and 50 Hz no-load operating. The THD of the 10 Hz FFT was 8.28%
before improvement and 5.41% after improvement. The THD of
30 Hz was 7.70% before improvement and 4.45% after improvement.
The THD of 50 Hz was 4.41% before improvement and 4.37% after
improvement. The improved control algorithm significantly reduced
the THD of the operating current.

5 Conclusion

Aiming at the insufficient adaptability of existing vector
control algorithms to filter and long cable parameters (under the
influence of parasitic impedance, parasitic capacitance, and parasitic
inductance), which leads to unresolved stability on no-load startup,
sudden-load startup, and harmonic issues, this paper proposes a
sensorless vector control algorithm based on Lyapunov theory. By
establishing the full-system transfer function of the filter-cable-
motor, we provide the proof of asymptotic stability. The FFT
simulation results show that: THD during 10 Hz no-load operating
decreases from 8.28% to 5.41%, 30 Hz from 7.70% to 4.45%,
while 50 Hz no-load operating shows 0.04% THD degradation.
The improved algorithm demonstrates certain adaptability to
time-sensitivity parameters and improves the torque and current
response of the induction motor. Experimental verifications on
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no-load startup, sudden load, and sudden unload were carried
out. Compared with previous studies, this paper overcomes the
limitations of missing stability theory and provides a more reliable
control solution for deep-sea long-cable motor drives. In detail:

Through calculations, torque and flux linkage errors are
determined, and the error transfer function is formulated,
followed by a stability proof. The results demonstrate that the
stability constant is greater than zero, indicating the system is
asymptotically stable.

Also, this paper quantitatively analyzes the impacts of various
time-dependent conditions of deep-sea long cables on cable
parameters, added it to the proposed long cable model, and
the Lyapunov function is used to prove its stability, to further
analyze the proposed function’s stability, this paper introduced long
cable health model, proof equations were proposed and conducted
analysis, proposed that operation maintenance and replace the
long cables when they reach the end of their service life can
effectively address the issues that the time-dependent variations of
deep-sea long cable parameters pose to the method presented in
this paper.

At last, future work will focus on applications in deep-
sea oil extraction and further improve the simulations and
experiments.
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